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Referat:
Schaut man durch ein Mikroskop auf eine biologische Zelle mit angefärb-
ten Zytoskelett, so erblickt man lange, mehr oder minder gerade Objekte.
Mit ziemlicher Sicherheit gehören diese zu einer von drei Arten von Zytoske-
lettfilamenten – Aktin- oder Mikrofilamente, Intermediärfilamente und Mi-
krotubuli. Schon seit mehreren Jahrzehnten versucht man die mechanischen
Eigenschaften lebender Zellen nicht nur zu beschreiben, sondern ihr Verhal-
ten von zwei tieferen Ebenen ausgehend zu verstehen: Inwiefern beschreiben
die Eigenschaften von Filamentnetzwerken und -gelen die Zellmechanik und,
noch tiefgreifender, wie bestimmen eigentlich die einzelnen Filamente die
Netzwerkmechanik. Das Verständnis der Mechanik homogener und isotroper,
verhedderter als auch quervernetzter Gele ist dabei erstaunlich detailreich,
ohne jedoch vollständig dem jüngeren Verständnis von Zellen als glassar-
tige Systeme zu entsprechen. In den letzten Jahren sind daher anisotrope
Strukturen mehr und mehr in den Fokus gerückt, die die Bandbreite mög-
lichen mechanischen Verhaltens enorm bereichern. Die vorliegende Arbeit
beschäftigt sich mit solch einem hochgradig anisotropen System – nämlich
Aktinbündeln – unter drei Gesichtspunkten.
Mit Hilfe von aktiven Biegedeformationen wird ein funktionales Modul, das
eine differentielle Antwort auf verschiedenen Zeitskalen liefert, identifiziert.
Es handelt sich um Aktinfilamente, die durch transiente Quervernetzer ge-
bündelt werden. Während sich das System nach kurz anhaltenden Deforma-
tion völlig elastisch verhält, sorgt eine Restrukturierung der Quervernetzer
während langanhaltender Deformationen für eine plastische Verformung des
Bündels.
In einem weiteren Aspekt widmet sich die Arbeit der frequenz- und längenab-
hängigen Biegesteifigkeit. Die Methode des Bündel-Wigglings, das Induzieren
von „Seilwellen“, wird dabei genutzt, um aus der Wellenform die Biegestei-
figkeit zu berechnen. Bündel von Aktinbündeln zeigen dabei ein Verhalten,
das vom klassischen Worm-like-chain-Modell abweicht und stattdessen durch
das Worm-like-bundle-Modell beschrieben werden kann.
Der letzte Aspekt dieser Arbeit untersucht den Musterbildungsprozess bei der
Entstehung von Aktinbündeln. Gänzlich unerwartet entstehen quasi-isotrope
Strukturen mit langreichweitiger Ordnung, wenn der Bündelungsprozess erst
nach der Polymerisation von Filamenten frei von zusätzlichen mechanischen
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Einwirkungen einsetzt. Da dieser Zustand nicht von der klassischen Flüssig-
kristalltheorie vorhergesagt wird, soll eine Simulation eine Hypothese zum
Entstehungsmechanismus testen. Die Annahme einer lateralen Kondensati-
on von Filamenten zu Bündeln reicht demnach aus, um die beobachteten
Strukturen zu erzeugen.
Diese Arbeit leistet somit einen Beitrag zum Verständnis hochgradig ani-
sotroper Strukturen und deren Überstrukturen, wie sie auch in lebendigen
Zellen reichlich vorhanden sind.
4 Dan Strehle
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Asked to look through the eyepieces of a fluorescence microscope at the cytoskeleton of
cellular organisms, most often the first structures that might jump into your eyes are
straight slender objects. Most likely these structures belong to one of three classes of
cytoskeletal filaments – actin, microtubules or intermediate filaments. Whereas micro-
tubules occur sparsely enough to be observed individually, actin and actin filaments are
to abundant to be observed individually – unless these filaments organize into bundles.
And they are organized into bundles – rapidly and reversibly. The whole actin-
cytoskeletal machinery is highly dynamic. Filaments polymerize, branch and depolymer-
ize. Networks of filaments entangle and crosslink. Bundles form, contract and dissolve.
All this in service to an impressive assortment of cellular functions ranging from motility
over mechano-transduction and mechano-sensing to wound healing and structural rein-
forcement. Initially feeble filament networks can – through crosslinking and bundling –
rapidly evolve to dominate the overall mechanics (Gardel et al. 2004; Shin et al. 2004a).
Recruiting molecular motors actin bundles even actively generate tension stiffening the
network (Koenderink et al. 2009) and pre-stressing other cytoskeletal components.
During the past twenty to thirty years thorough efforts have been made to describe
cell mechanics and to understand it from two perspectives – cells from the mechanics
of networks of cytoskeletal filaments and – even more fundamentally – the rheology
of these networks from the mechanical and statistical properties of their constituents.
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Two approaches complement each other trying to answer these questions (Discher et al.
2009). Top-down approaches are now able to mechanically characterize individual cells
and describe them with phenomenological laws (Fabry et al. 2001; Trepat et al. 2007).
From a bottom-up perspective homogeneous, isotropic actin networks can be remarkably
well described (MacKintosh et al. 1995; Morse 1998a) using the framework of polymer
physics and statistical mechanics.
Highly anisotropic, sub-cellular structures such as acrosomal processes of sperm cells,
filopodial protrusions of advancing neurites or contracting myofibrils have also been stud-
ied experimentally using micro-manipulation techniques. Yet, despite their prominent
appearance, bundle structures have only recently come into the focus of theoretical con-
sideration. Bending stiffness measurements on microtubules, for instance, have shown a
length dependence that violated a widely used classical polymer model (Pampaloni et
al. 2006) triggering a new theoretical treatment of bundle mechanics (Heussinger et al.
2007).
With this in mind I aim at addressing actin bundle mechanics in a bottom-up ap-
proach:
• Can I identify a minimal functional module conferring time-differential mechanical
response?
• What can we learn from the rheological characterization of actin bundles?
• What mechanisms drive actin bundle formation resulting in long-range, quasi-
isotropic patterns?
In the following I will briefly review prominent actin cellular bundle structures and
their function. Often, characteristic crosslinking proteins are involved, yet also unspecific
bundling mechanisms exist that are introduced subsequently. Active crosslinkers, on the
other hand, are key elements for contractile processes and for the formation of higher
order structures. Classical models that are used to describe polymers and filaments are
delineated and their extension to the worm-like bundle model is presented in more detail,
concluding chapter 1.
Chapter 2 compiles methodological details on used proteins. Considerations for the
design of our new optical tweezers setup are discussed and its basic software interfaces
presented, which have been bundled into libraries allowing the design of experimental
control software at a high abstraction level.
Each of the following chapters 3 and 4 starts out with introducing methods specific to
the two types of experiments. Probing bundles mechanically in the time domain directly
contrasts their response on timescales shorter than typical crosslinker binding times
and on timescales much longer. It employs an experimental design distinct from the
one used for probing bundles in the frequency domain. Here, bundles are rheologically
characterized at different frequencies, eliciting a rather counter-intuitive behavior under
certain circumstances.
Chapter 5 addresses a simulation approach to the pattern formation of such bundles
at high concentrations. It commences with reviewing our experiments that led to the
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discovery of a metastable state, if not a new phase of liquid crystalline ordering. It is
hypothesized that lateral aggregation of filaments first form long-range, quasi isotropic
patterns that later are inhibited from reaching nematic ordering. Details of the sim-
ulation to address the validity of this mechanism are sketched out before results are
presented and discussed.
The last chapter summarizes all three aspects of my work and provides an outlook on
open questions.
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1 Actin filament bundles and patterns
1.1 Actin and other cytoskeletal filaments
Three main classes of polymeric proteins form the cytoskeleton together with a whole
zoo of associated regulatory, binding and crosslinking proteins. Besides actin there are
two more classes – microtubules and intermediate filaments (Lodish et al. 2008; Pollard
and Earnshaw 2002)1.
The intermediate filament class is very heterogeneous consisting of a number of dif-
ferent monomeric building blocks. Nuclear lamins, e.g., reinforce the nucleus and are
implicated in chromosomal architecture. Via desmosomes intermediate filaments span
continuous networks across cells. Desmin in muscle cells prevents overstretching and
keratins in epithelial tissue are the main contributor to the mechanical integrity of skin.
Although very flexible, intermediate filaments are well-adapted to these tasks because
they are very resistant to stretch.
Microtubules on the other hand are made up from dimeric tubulin subunits that
form polar protofilaments assembling in a stiff, tubular structure. Their stiffness allows
microtubules to bear compressive loads and they serve a variety of cellular functions.
E.g., microtubules are implicated during mitosis organizing and separating chromosomes
and serve as rails for cargo transport by molecular motors linking a neuronal cell’s body
1Unless noted otherwise this section is based on these two references
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to distant growth cones. They also form very complex constructs together with molecular
motors, so-called flagella, for directed motion of sperm cells. Similarly, cilia can propel
cells or if cells are immobile they propel the surrounding fluid.
Actin
For motion on surfaces or through extracellular matrix, however, the actin machinery
is responsible. The individual filaments are not as stiff as microtubules yet stiffer than
intermediate filaments. It polymerizes from 42 kDa globular actin into filaments forming
a coiled-coil structure with 13 subunits per half turn that spans a length of 36 nm (see
figure 1.1). Most of the time, actin is complexed to adenosine triphosphate, which
hydrolyzes to adenosine diphosphate once in the filament. Different binding affinities for
both types and for both ends of the filament give rise to its polar structure.
5 nm
Figure 1.1: Atomic model of filamentous actin. 13 subunits correspond to one half turn
of the coiled-coil structure.
Often actin polymerization is controlled by membrane associated proteins that ei-
ther activate polymerization enhancing proteins like formins or branching proteins like
ARP2/3. In consequence a majority of actin filaments has its plus ends pointing towards
the outer membrane. Focal adhesions – complex groups of proteins linking the inner cy-
toskeleton through the membrane to the exterior – are terminals for actin bundles termed
stressfibers. These are structured by the crosslinker α-actinin and the molecular mo-
tor myosin replicating the structure of muscle sarcomeres (Hotulainen and Lappalainen
2006). With the involvement of molecular motors, actin bundles acquire the ability to
contract. They put focal adhesions under tension which in turn influences the focal ad-
hesion organization (Goffin et al. 2006). Another realization is the contractile ring that
forms at the end of mitosis from cortical actin separating the two daughter cells.
Bundled filaments often also extend the membrane. Microvilli are slender protrusions
of the plasma membrane increasing the cell’s surface area for trans-membrane transport
of nutrients in intestinal cells. They are supported by actin bundled by, e.g., villin and
fimbrin. Fimbrin is also the principal bundling protein in stereocilia which protrude
from hair cells in the inner ear. These are implicated in signal transduction in hair
cells. Agitated by vibrations tip linkages activate ion channels triggering nerve responses
(Furukawa and Fechheimer 1997). Filopodia comprise mainly actin filaments bundled
by the crosslinking protein fascin and mechanically probe the environment. Providing
trajectories for microtubule advancement, they are ultimately a key player for growth
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cone steering directing the protrusion of the growth cone (Lowery and Vactor 2009).
Protrusion of this leading edge is driven by a thin, branched actin network – the
lamellipodium, which is also present in cells migrating as whole. At the front actin
monomers are constantly added to the plus ends until this is prevented by capping
proteins. Further back in the cell actin is depolymerized and monomeric actin is recycled.
This treadmilling process leads to a constant, directed turnover of actin that when
coupled via adhesion to the substrate leads to directed motion of the cell or growth
cone.
Just beneath the plasma membrane actin forms non-polarized network. It can be as
thin as one monolayer in red blood cells but also thicker than 1 µm in others. The actin
cortex thus stabilizes the membrane.
Its abundance and its size have made actin a candidate thought to dominate the
mechanics of cells. The mechanics of cells can be measured by various methods like
probing with an atomic force microscopy tip, passive microrheology – i.e. observing the
fluctuations of embedded beads – or active microrheology – i.e. driving embedded beads
or beads on the cell’s surface magnetically or optically (Huber et al. 2013). But they
can also be probed globally in a device called optical stretcher (Huber et al. 2013).
From this perspective, cytoskeletal dynamics was shown to exhibit features typical of
soft glassy systems. One of these features is the broad spectrum of relaxations times
that leads to a scale-free response which was suggested to be universal (Trepat et al.
2007; Kollmannsberger and Fabry 2009).
Actin rheology
Efforts to link the mechanical descriptions of such complex systems as a living cell to the
constituents of the cytoskeleton have been made for more than twenty years. In bottom-
up approaches isolated systems are investigated in order to reach an understanding of
more complex systems (Bausch and Kroy 2006). Janmey et al. (1991) and others have
measured the elasticity of gels made from members of each class of cytoskeletal filaments
and Gardel et al. (2004) have shown that already minute amounts crosslinkers enrich
the mechanical behavior of an actin solution tremendously.
Yet, also at a even more fundamental level, the rheology of these networks has been
under scrutiny in order to understand it from the statistical and mechanical properties
of its constituents. Using the framework of polymer physics and statistical mechanics
isotropic actin networks are well-described (MacKintosh et al. 1995). In his seminal work
Morse (1998b) has calculated the rheology of an entangled actin solution ab initio (see
figure 1.2). In every segment of the curve specific mechanisms dominate the mechanical
response. E.g., the plateau is considered to be dominated by the deformation of the
so-called tube – the space available for fluctuations for an individual filament which is
limited by surrounding ones (Isambert and Maggs 1996).
Theoretical descriptions cover mostly homogeneous entangled or crosslinked networks.
Predictions of macroscopic behavior from microscopic constituents depend crucially on
how macroscopic deformations are translated to microscopic ones (Rubinstein and Colby
2003). The plateau elasticity of entangled or weakly crosslinked actin networks is dom-
inated by confinement of filament fluctuations by neighboring filaments, i.e. it is steric
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Figure 1.2: Calculation of bulk rheology of entangled actin solution. Different mecha-
nisms such as entanglement, filament bending and filament elongation dom-
inate segments of these curves (Isambert and Maggs 1996). Adapted from
(Morse 1998b), elastic modulus, storage modulus.
and entropic in origin. In tightly crosslinked networks, however, affine stretching defor-
mations determine the elasticity. And in more heterogeneous bundle networks non-affine
bending deformations become important (Lieleg et al. 2010), i.e. bundle bending stiffness
governs the macroscopic mechanical behavior.
Yet, only recently there has been a growing interest in these more heterogeneous sys-
tems. E.g., only raising the concentration of crosslinkers leads to structural reorganiza-
tion from a network of filaments to a network of bundles exhibiting different mechanical
properties (Lieleg et al. 2010). A nd again, also on the next level down, there is still
much to learn about bundles of actin before joining them into networks.
1.2 Filament and bundle mechanics
In contrast to semi-flexible polymers that are of interest here, classical polymer physics
had dealt with flexible polymers and their morphology, mechanics and dynamics (Aragon
and Pecora 1985). Very stiff polymers were scrutinized as rigid rods in the context of
liquid crystal theory (DeGennes and Prost 1995). However, especially biopolymers like
actin often belong into an intermediate category.
1.2.1 Polymer models
Freely-jointed chain
Polymers form by adding monomers after monomers. A very simple model to describe
such polymers is the random walk or freely-jointed chain model. Every newly added
monomer segment can be appended to the already existing polymer in a random direc-
tion. When polymerization is finished its size will be on the order of the square root of
the number of joint segments. Even adding interaction in between neighboring segments
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1.2 Filament and bundle mechanics
– such as restricting the direction of addition of the next segment – will show very similar
characteristics (Doi and Edwards 1988).
So far multiple segments were free to occupy the same space. Incorporating the
exclusive occupation of space, the random walk becomes a self-avoiding random walk
and a polymer with the same number of segments as before will be larger on average –
its size now scales with the number of segments to a power of ∼ 0.59(Doi and Edwards
1988).
Any mechanical interaction with this kind of polymer will be entropic in origin. From
the distribution of end-to-end vectors R







one can calculate the entropy S and free energy F to
S(R) = −3kB2
R2
〈R2〉 + S0, (1.2)
F (R) = 3kBT2
R2
〈R2〉 + F0. (1.3)
A derivative with respect to the coordinate yields the force f needed to displace the ends






Flexible polymers described by these models are rather globular – the probability of
the end-to-end vector being zero is largest. Solvent and interactions with the solvent as
well as among segments needs to be added to the model for this to change. A solvent
is considered a poor solvent when the polymer is even more compact than it would be
without these interactions. A good solvent “engulfs” the polymer and it stretches out
(Doi 1996).
Worm-like chain
The worm-like chain model intrinsically has the urge to extend itself. Its backbone
no longer is made up from discretely joined segments but rather a continuous curve
with a bending stiffness. The bending stiffness – denoted κ – now intrinsically tends to
extend the polymer. In contrast to the freely-jointed chain the worm-like chain has an
internal energy that changes with the conformation it adopts. Under the condition of







where K is the curvature (Wilhelm and Frey 1996). It is often also expressed as the
second derivative of the position vector r(s), where s parametrizes the contour from 0 to
L, or as the first derivative of the tangent vector t(s). The bending stiffness κ also sets
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the length scale of the tangent-tangent correlation 〈t(s)t(s′)〉 at a certain temperature.











and related to the bending stiffness by lP = κkBT . At very high temperatures or low
bending stiffness the tangent-tangent correlation is very small and the chain can even
be approximated as a freely-jointed chain. This is also the case if the backbone length
of the polymer is much greater than the persistence length – here it is called flexible. If
the persistence length is much longer than the length it is called stiff and if both are of
similar value it is called semi-flexible (refer figure 1.3). Confining the worm-like chain to
two dimensions it is deprived of one degree of freedom. The apparent persistence length
is l2dP = 2l3dP .
t(s)
t(s′)
lp  L lp ' L lp  L
Figure 1.3: Worm-like chain. The tangent vector t along the arc length s is used to




decays with the persistence length lP. Three examples are given for ratios of
lP to the contour length of 0.01, 1 and 10 that have been generated by the
formalism described by equations (1.7) and (1.9).
By integrating the tangent vector along the contour the end-to-end distance is de-
termined and for calculating its mean square equation (1.6) may be used. The mean
squared end-to-end distance is a measurable quantity and can be utilized to determine
the persistence length and bending stiffness (Nagashima and Asakura 1980). Greater
accuracy can be gained when measuring the distribution of end-to-end distances instead
and fitting it to the expression derived by Wilhelm and Frey (1996). Le Goff et al.
(2002) have decorated the ends of actin filaments with a brighter fluorophore and traced
them to measure exactly this distribution (see figure 1.4). On the other hand, the radial
distribution function could also be used to calculate the force-extension relation along
similar lines as in equations (1.1) to (1.4) in lieu of approximations calculated before
(Marko and Siggia 1995).
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Figure 1.4: Radial distribution function. The ends of an actin filament are tagged in a
different color (Inset). Large statistics of the measured end-to-end distance
are fitted to the radial distribution function by Wilhelm and Frey (1996) and
allow for a precise determination of the persistence length. Modified from
(Le Goff et al. 2002)
For stiffer objects, however, this approach is not feasible anymore since the fluctuations
of the end-to-end distance are to small. Instead, the excursions from the polymer axis
come into focus in an approximation referred to as the weakly bending rod limit. The axis
is defined by the end-to-end vector which is now almost as long as the backbone. This
allows for simplifications when, e.g., calculating the curvature. The shape is described as
the tangent angle θ(s) and hence its curvature is K(s) = dθds . For free ends the tangent










This is also called mode decomposition with the natural mode numbers n. Although
these modes do not represent the actual bending modes, which rather are combinations
of normal and hyperbolic cosines, they are a close approximation (Gittes et al. 1993)
and the equipartition theorem – stating that in each bending mode there is on average
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which in turn is applied for measuring the bending stiffness of actin filaments and micro-
tubules (Käs et al. 1996; Gittes et al. 1993). In figure 1.3 this scheme is used in reverse
order to illustrate stiff and semi-flexible filaments. If really summing energy of modes
until infinity the energy diverges. Therefor, the sum is cut off when the wavelength of
the mode is approaching the diameter of the filament.
When looking at the dynamics, relaxation times for each mode are a measure for the
time until its autocorrelation has decayed (Aragon and Pecora 1985). Knowing these the
saturation of the mean squared displacement with respect to time can be calculated – an-
other way of measuring the bending stiffness statistically. While measuring the bending
stiffness of microtubules this way Taute et al. (2008) made an unexpected observation.
Noting that chiefly the first mode contributed to the mean square displacement, they
calculated different bending stiffnesses for microtubules of different lengths – clearly a
sign that microtubules did not want to be treated as simple worm-like chains anymore.
Beam theories
As a reminder, the key element to the worm-like chain is its bending stiffness – the
bending stiffness of a line. An appropriate macroscopic object would be a slender beam
as described by the Euler-Bernoulli beam theory. In fact, the formalism of this theory
supplemented by a friction term is used to calculate the dynamics of worm-like chains
(Aragon and Pecora 1985; Gittes et al. 1993). Macroscopically, the bending stiffness κ is
the product of the Young’s modulus E and the moment of inertia I. The restriction of
the theory on slender beams – i.e. a high aspect ratio, length with respect to diameter –
is required by the disregard of shear. Instead, only compression and elongation in planes
normal to the curvature and parallel to the so-called neutral axis are regarded (Vogel







with y being the direction of bending. At the microscopic scale, however, it is not very
meaningful due to the complex structure of macromolecules and the bending stiffness κ
is used.
For short beams their thickness becomes important. Here, shear forces in between
planes parallel to the neutral axis need to be considered. This is accounted for by the
Timoshenko beam theory. Taute et al. (2008) discuss its applicability to their micro-
tubule experiments and argue that shear in between the microtubule’s protofilaments
needs to be considered. However, the Timoshenko theory does not give satisfactory
results. Nonetheless, the authors point to a novel theory that takes the microscopic
structure of bundled filaments into account.
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1.2.2 Worm-like bundle theory
The worm-like bundle theory investigates worm-like chains that are bundled by crosslink-
ers (Heussinger et al. 2007). Although at its core it is a harmonic model considering








Figure 1.5: Notations for the worm-like bundle theory. Filaments are arranged on an
2M×2M lattice with spacing b. The black line represents the bundle axis
described by r⊥. Upon bending the cross-sectional area is rotated by θ
introducing a mismatch in between adjacent filaments of bθ. Partially, this
is compensated by elongation or compression of the filaments, measured by
ui, due to crosslinker stiffness. Not represented are crosslinkers that link
neighboring filaments and are spaced at an interval of δ. Figure adapted
from (Heussinger et al. 2007)
A worm-like bundle is composed of N filaments on a 2M×2M lattice. Crosslinkers
with a spacing of δ link adjacent filaments and set their separation distance b (see
figure 1.5). Central to the worm-like bundle theory is the bending Hamiltonian of the
bundle HWLB = Hbend +Hshear +Hstretch with its three contributions.
Worm-like bundle Hamiltonian
The bending contribution Hbend corresponds to the bending Hamiltonian of N worm-like
























is related to the compression and elongation of filaments similar to the Euler beam.
ui represents a coordinate in the bundle under deformation at layer i and ∂sui the
deformation along the axis, i.e. elongation or compression. Similar to the moment of
inertia (equation (1.10)) it counts quadratic with the distance to the neutral plane i = 0
so M ·∑ is the moment of inertia of this bundle. kS is the stretching stiffness of an
element of length δ and the product of both corresponds to the Young’s modulus.
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Here ∆ui = ui−ui−1 measures the displacement mismatch in between adjacent filaments
– similar to ∂iu in a continuum equivalent – due to filament stretching. The second term
under the square measures the mismatch resulting from the rotation of the bundle axis
due to bending. It rotates the cross section by the same angle ∂sr⊥. Mismatch due to
bending without elongation or compression amounts to its product with the filament
spacing b. In order to minimize crosslinker shear energy these two mismatches partially
compensate each other. k× denotes the crosslinkers’ shear stiffness which are spaced at
length δ.
It may be helpful to imagine a bundle with a linearly increasing bending angle ∂sr⊥
along its contour. Be it clamped at s = 0, the shear energy per crosslink increases
quadratically towards s = L. This is a situation very much resembling the contribution
of filament stretching for filaments that are further and further away from the neutral
axis.
Filament bending Crosslinker shearing Filament stretching
F F
F
κBundle ∝ N κFil κBundle ∝ N kXL2 κBundle ∝ N2 κS
Figure 1.6: Three mechanisms contribute to the mechanical response of the worm-like
bundle. For very small crosslinker shear stiffness it is dominated by the
individual bending stiffness of the constituting filaments. At extremely high
crosslinker shear stiffness, the dominant mechanism is filament stretching
leading to a scaling with the squared number of filaments. In an intermediate
regime the bundle mechanics are dominated by the crosslinkers’ properties
resulting in a length-dependent bending stiffness.
Effective bundle bending stiffness
Performing a functional derivative the authors compile the equations of motion for r⊥
and ui representing the bundle neutral axis and the compression and elongation layers
in parallel to it, respectively. These are solved using a mode decomposition approach
where the mechanics is now described by an length-dependent effective bundle bending
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Here, a non-dimensionalized bending stiffness that compares the bending and stretching




























which compares shearing and stretching contributions. Since the filament stretching stiff-
ness is given on length scales δ, crosslinkers need not be discrete elements. Considering
k×/δ to be a shear modulus, the theory may also be applicable in the case of unspecific
bundling. In equation (1.17) single filament bending stiffness is directly compared to
crosslinker shear stiffness along one filament.
Now, the denominator in equation (1.14) is scrutinized for bundles with many fila-
ments. When the coupling parameter is dominated by crosslinker shear stiffness, the
bundle bending stiffness attains an additional factor N and follows κN ∝ N2kS. This
is the so-called fully coupled regime. Crosslinkers are so stiff they are not deformed
and filament stretching dominates the bundle’s response. For a insignificant crosslinker
shear stiffness the coupling parameter is very small. The fraction vanishes and only fila-
ment bending contributes to the bundle bending stiffness as κN ∝ Nκf in the decoupled
regime.
However, for an intermediate coupling parameter (1 α N) crosslinker shear and
filament stretching contributions are comparable. The first term in the denominator
vanishes. The wave number and hence the mode length are now important for deter-
mining the bundle’s response. In fact, for longer modes the bundle is stiffer, scaling as
κN = q2nNk×. In the continuum limit N →∞ this regime approaches the results of the
aforementioned Timoshenko theory. Figure 1.7 reproduces the crossover from decoupled
over shear dominated to fully coupled bending.
Claessens et al. (2006) examined actin rings that were formed in droplets. From fluctu-
ations of a ring’s diameter its bending stiffness is inferred. Due to the closed system the
authors are able to estimate the bundle thickness from the actin concentration. This al-
lows for the determination of the scaling behavior and the classification of different types
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Figure 1.7: Stiffness of a worm-like bundle formed by 4 to 25 filaments. The crosslinker
shear stiffness mediates three bending regimes of worm-like bundles. In the
decoupled and fully coupled regime it scales with the number of filaments and
the number of filaments squared, respectively. In the crossover regime, how-
ever, the bending stiffness becomes length dependent. Figure adapted from
(Heussinger et al. 2010). Bundle bending stiffness is given in terms of single
filament bending stiffness and wave number in 1/λ (see equation (1.16)).
of crosslinkers as mediating decoupled or fully coupled bending. Bathe et al. (2008) have
used this data to calculated the coupling parameter and delineate a phase diagram that
presents cytoskeletal bundles with characteristic crosslinkers to mechanically respond
decoupled, fully coupled or shear dominated.
With all experiments relying on thermal agitation when monitoring the bundle me-
chanics, it is not possible to impose length scales to be probed. In chapter 4 I will present
my experiments that – by imposing time-scales – do probe mechanics on different length
scales of the bundle.
1.3 Filament bundling
In general, cytoskeletal actin structures are associated with specific crosslinkers. The
aforementioned protein fascin is a small crosslinker forming compact actin bundles with
an interfilament distance of ∼ 10nm (Edwards and Bryan 1995). α-Actinin on the other
hand forms more loose bundles with spacings of ∼ 40 nm. The binding of crosslinkers
is an equilibrium of constant binding and unbinding. In chapter 3 I will investigate
implications for the mechanical response of bundles on timescales much longer than the
typical bond lifetime.
However, the sheer abundance of protein material in cells – which can amount to 20%
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to 30% (Ellis 2001) – can have a bundling effect itself.
Unspecific bundling
This bundling effect can be replicated by adding inert synthetic macromolecules termed
crowding or depletion agents – such as dextran, polyethylene glycol and methyl cellulose
or other proteins such as bovine serum albumin – to the solution. The depletion interac-
tion is an entropic effect. Due to their size crowding agents cannot enter the proximity
of actin filaments that form an excluded volume. Therefor crowding agents are depleted
from this region around the filaments. A decrease in excluded volume can be achieved by
joining two filaments, their excluded volumes now overlap decreasing the total excluded
volume. An increase in entropy for the crowding agents, however, is accompanied by a
decrease in entropy for the filaments now forming a bundle (see figure 1.8). The size of
the crowding agent effectively also sets the range of the attractive interaction in between
filaments (Yodh et al. 2001). A sharp concentration threshold separates the isotropic
from the bundling state.
(a) (b)
Figure 1.8: Depletion force interaction. Macromolecules serving as crowding agents are
excluded from the volume (dashed lines) around filaments (dark grey). When
two filaments share this excluded volume, entropy for the crowding agents
increases and if it overcompensates the loss in entropy for the filaments
bundling is induced.
A similar, very sharp threshold concentration can be observed for another bundling
mechanism termed counterion condensation. Filamentous actin is a polyanion carrying
a line charge of 4 e−/nm (Tang and Janmey 1996). Charge carriers in the solution
condense onto the filaments shielding the electrostatic repulsion in between filaments.
Merging counterion clouds mediate an attractive interaction.
Several arguments have been brought forward that limit the lateral size of bundles. For
one there is the helical structure of actin filaments (cf. figure 1.1). Each actin merging
onto a bundle is subjected to more and more strain if matching the resulting grooves
on the existing bundle (Grason and Bruinsma 2007). Also crosslinking proteins induce
mechanically destabilizing twisting strain when targeting specific binding pockets (Shin
and Grason 2010). Another argument is electrostatical in nature. The finite size of
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counterions limit their concentration within bundles. Having reached a critical bundle
size they fail to overcome the electrostatic repulsion of like-charge filaments (Henle and
Pincus 2005).
In agreement, bundles have been observed to first grow from a bundling seed laterally
but later to grow longitudinally only (Kwon et al. 2006; Lai et al. 2007).
Experimental approaches to filament-filament interaction
While models exist for understanding the governing principles for both methods, an ex-
perimental approach is rather challenging. Streichfuss et al. (2011) succeeded in directly
measuring forces in between two filaments by using a 3-trap holographic optical tweezers
setup. Two actin filaments were attached at their end to one bead each and the other
ends were linked together at a third bead. Now the filaments were allowed to zip up from
their common bead. The two remaining beads are pulled towards each other with a force
that is interpreted as the zipping force. It ranges from 0.06 pN for depletion interaction
up to 0.2 pN for bundling induced by 100mM divalent ions. According to the authors
this converts to some 50 kBTµm . Lau et al. (2009) examined single filaments that formed a
bundle with itself resulting in structures like rings or racquets. By comparing the energy
stored in the bend region one can deduce the interaction energy in the bundled parts
using relations established by Cohen and Mahadevan (2003).
Common to these methods is that they are only able to measure the energy but not the
extent of an interaction. In the case of beads, Yodh et al. (2001) mapped the potential
landscape of two particles. A modified optical trap confined two beads onto a line. The
distribution of interparticle distances was recorded and analyzed using the Boltzmann
relation. Similar measurements with filaments seem not feasible. Firstly, filaments
are very slender. Observation of viable filaments is only possible using fluorescence
microscopy since their lateral size is well below the resolution limit. Secondly, they are
stiff. I.e., if two filaments are close to each other at one point this closeness is propagated
along the two filaments – they are zipped up – and now prohibits substantial separation.
1.4 Active crosslinkers – contraction and pattern formation
Active crosslinkers – molecular motors – are much better characterized. With the help
of optical tweezers the forces and step sizes can be measured (Finer et al. 1994). When
bundled, actin filaments and myosin form a contractile structure – a minimal functional
module. This has been shown by reconstituting contractile bundles (Smith et al. 2009;
Thoresen et al. 2011). In vivo, Hotulainen and Lappalainen (2006) have observed initially
unordered bundles of actin, α-actinin and myosin to self-organize. Alternating bands of
α-actinin and myosin then form a sarcomeric structure.
Two-dimensional filament-motor systems have been known to self-organize into higher-
order structures. In contrast to self-assembly, self-organization is driven by a constant
dissipation of energy – in this context the use of the chemical fuel adenosine tri-phosphate
by the molecular motors . Microtubules together with the molecular motors dynein and
kinesin forms asters and vortices (Nédélec et al. 1997) (see figure 1.9). Central to the
understanding of the pattern formation mechanism is the relative motion of filaments
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mediated by motors. This is possible due to the tendency of motors to rather stay
bound at the end of their tracks than stepping off (Kruse and Jülicher 2003). Asters
or vortices form with high motor density in their centers and depending on the motor
species microtubules either have their plus or minus ends pointing away from the center
(Surrey et al. 2001).
100 µm
(a) (b)
Figure 1.9: Examples of pattern formation in filament-motor systems. (a) Microtubules
together with the molecular motors kinesin and dynein form aster patterns
(upper panel) or at higher motor concentrations vortices (lower panel). Mo-
tors amass near the center of these substructures and sort the microtubules
according to their polarity (Nédélec et al. 1997). (b) Similarly, in actin-
myosin-fascin systems triangular networks form. Myosin motors zip filaments
to bundles and generate tension in between aster centers (Backouche et al.
2006).
Aster-like patterns have further been observed in actomyosin systems (Backouche et al.
2006; Smith et al. 2007). In these systems, however, the presence of a passive crosslinking
protein is required – or the depletion of fuel – to form these patterns.
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2 Materials and Methods, Instruments and
Software
Having introduced actin and its cytoskeletal counterparts as well as models to describe
the mechanics of actin and actin bundles, in this chapter technical aspects are presented,
before turning to the actual experiments in the following chapter. First a quick overview
of the actin purification procedures is given, which is followed by an introduction to op-
tical tweezing and the software libraries to control the laser trap and related equipment.
2.1 Actin purification and labeling
Even though actin is highly conserved among species, there are several isoforms of actin
even in the same cell. Muscle cells, however, are highly specialized for contraction and
mainly one isoform is expressed. Muscle tissue therefore is the ideal basic ingredient.
In our lab we use the two main back muscles of rabbits. Actin purification from mince
is divided into three distinct steps, the acetone powder prep established in our lab by
D.Humphrey based on (Pardee and Spudich 1982), the actual actin prep which was
adapted from the lab of M.-F.Carlier and a gel filtration step.
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Acetone powder prep
The aim of the acetone powder prep is to eliminate myosin (which later can be used on
its own) as well as proteases and to produce a highly stable precursor for the actin prep.
A series of extraction steps with different buffers and subsequent dehydration achieve
these goals. The first two buffers have a high salt concentration and extracts the bulk
of myosin. Subsequent steps that resuspend the pellet after centrifuging in millipore
water and titrate with sodium carbonate are repeated up to five times. Two washes
with acetone dehydrate the pellets and yield acetone powder. In this state it is stable
for months when stored at −80 ◦C. The full protocol can be found in appendix B.1.1.
Actin prep
A chilled depolymerization buffer extracts mainly globular actin from acetone powder.
Undissolved acetone powder is removed by centrifugation and filtering. Raising the
ionic strength significantly and increasing the temperature to 15 ◦C for a period of a
few minutes detaches α-actinin which is removed by centrifugation. For experiments,
however, α-actinin that is commercially available from Cytoskeleton, Inc., is used.
Actin is returned to polymerizing conditions by overnight dialysis before the potas-
sium chloride concentration is increased again to 0.6M in order to remove tropomyosin.
When the solution is centrifuged, filamentous actin sediments and tropomyosin stays in
solution. Impurities in the actin pellet are removed by homogenizing, repolymerizing,
centrifuging and washing of the new pellets before they are depolymerized in dialysis
over the course of two to three days aided by a short sonication bath to break up actin
clusters.
Oligomeres and remaining impurities are sedimented in a final centrifugation step
before the G-actin is gel filtered through a Sephadex column to obtain a homogeneous
population. Globular actin is shock frozen in liquid nitrogen. When stored at −80 ◦C,
it is utilized in conjunction with rhodamine-phalloidin staining for a year. A detailed
description of this procedure can be found in appendix B.1.2 and B.1.3.
Fluorescently labeled actin
Rhodamine is a fluorescence dye, which absorbs at 540 nm and emits at 570 nm, that
can be attached to phalloidin, a mushroom toxin which binds to actin filaments and
prevents treadmilling and depolymerization. When phalloidin is bound to F-actin it
greatly enhances fluorescence, thus intensifying contrast of filaments (Huang et al. 1992).
F-actin labeled with rhodamine-phalloidin is prepared by polymerizing G-actin in F-
buffer (see appendix B.2) in the presence of 65 µgml rhodamine-phalloidin purchased from
Sigma-Aldrich Co., LLC.
To avoid photobleaching and possible denaturation an antibleach agent is used. A
spatula tip of glucose-oxidase and one of glucose dissolved in buffer act as free radical
scavenger. Preventing photobleaching is crucial for experiments where actin filaments




A.Ashkin’s work using radiation pressure to manipulate micrometer sized objects with
laser beams was groundbreaking for the development of current laser based trapping
methods. It was found that a highly focused laser beam can form a stable trap for
dielectric objects. When a beam is coupled into a microscope objective, allowing si-
multaneous object trapping and observation, this device is called optical tweezers. The
introduction of steering mechanisms such as galvanometer-controlled mirrors or acous-
tooptical modulators made it feasible to precisely and quickly manipulate objects (Stüber
et al. 2010).
For objects smaller than the wavelength of the used light, optical trapping is explained







where α is the polarizability, and E and I the electrical field and the light intensity,
respectively, needs to dominate the force arising from light scattering at the object in
order to form a stable trap.
For objects much larger than the wavelength optical trapping can be understood from
the momentum exchange between the object and diffracted rays. In figure 2.1 an example
of a beam passing through a spherical object is sketched. The forces exerted by beams
across the width of the objective sum up to a resulting gradient force that pulls the object
into the direction of higher intensity. For objectives with high numerical aperture the
intensity gradient is high enough to even allow for stable trapping in three dimensions.
In the following, basic principles of the components will be presented before the layout
of the setup is discussed in more detail.
Lasers
Dissecting acronyms of scientific instruments is generally a good way of getting a glimpse
on their working principle. The acronym laser stands for light amplification by stimulated
emission of radiation (Jacobs et al. 1960). In a medium capable of lasing energy levels
in atoms or molecules are excited much like in fluorescence. This process is referred
to as pumping and leads to inversing the population of energy levels as compared to
the thermal distribution. A photon that meets the energy of a photon that might be
emitted spontaneously can also stimulate this emission through interaction with the
excited atom or molecule where the new photon is a quasi copy of the first – sharing the
same wavelength, phase and polarization. In a laser the medium is right inside the cavity
and delineated by two mirrors where one of them is slightly transparent for the desired
wavelength. The cavity constitutes a resonator for light traveling in between the two
mirrors. Since most new photons are emitted through stimulated emission, eventually
a phase and polarization that fit the cavity exceptionally well will dominate the light
exiting the cavity through the slightly opaque mirror.
Bundles of Semi-flexible Cytoskeletal Filaments 33







Figure 2.1: Principle of optical tweezers in ray-optics regime. The momentum p carried
by light experiences a change when being refracted. The resulting differ-
ence ∆p must transferred to the refracting surfaces. If there is an intensity
gradient the object will be pulled towards the highest intensity. For highly
focused laser beams the trap can even be stable in three dimensions.
Our Coherent TiSa-890 laser uses a Titanium-Sapphire crystal as lasing medium.
Inside the cavity it includes additionally a birefringent filter that can be used to tune
the wavelength of the emitted light about 800 nm. The crystal is pumped by a diode
pumped solid state laser – a Verdi V-10 emitting at 532 nm.
The cavity is Σ-shaped demanding the adjustment of five mirrors inside. Two addi-
tional mirrors serve as a periscope to couple in the pump laser which is directed by a
slightly condensing mirror located at the central kink of the Σ through the Titanium-
Sapphire crystal. Only when the pump laser beam is imaged onto itself by the upper
leg of the Σ, the crystal passes from fluorescing to lasing. Laser efficiency is improved
by iteratively adjusting beam paths in the upper and the lower leg. However, due to the
high power involved, mirrors and crystal deteriorate over time.
The laser employed in the second setup is a low-maintenance fiber laser at 1064 nm.
For this technology fiber Bragg gratings – periodic modifications of the fiber refractive
index serve as wavelength-selective mirrors – terminate the cavity around the doped fiber
which is pumped by a photo or laser diode. In our instrument a polarization maintaining
fiber couples the light into a collimator that widens the beam to 5.5mm.
Beam shape
There are several methods to in order to characterize the intensity profile of a laser
beam – the beam shape. On the one hand the beam can be imaged directly onto a
digital camera chip. Directly imaging the laser onto a camera has several disadvantages.
For one, there is the danger of damage to the camera due to the high intensity of the
impinging laser as compared to usual operation in a microscope. One can insert partly
reflecting surfaces (e.g. a cover slip) to mirror only a small amount of light onto the
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chip. However, every additional surface, also the cover protecting the camera chip or
the chip itself, is a source for interference patterns when using highly coherent laser
light (see figure 2.2 (a)). When projecting the laser onto a screen speckles form from
the interference on the rather rough surfaces of the screen. These cannot be reduced
easily because they persist when neither moving the camera nor the beam itself (See
figure 2.2 (b)). Some of these adversing effects can be overcome at the cost of introducing
more optics by projecting the beam onto a screen. If the screen is moved speckles change






Figure 2.2: Beam shape characterization. (a) Laser spot imaged directly onto a CCD-
camera. (b) Image of laser beam projected onto a screen. (c) Intensity profile
of 200 averaged images and (d) its deviation from an ideal Gaussian intensity
distribution which locally amounts to more than 15% of the intensity.
The intensity profile can be compared to the ideal intensity profile of a Gaussian beam
– a 2-d Gaussian. In figure 2.2 (c) an average of 200 speckled images is presented. Clearly
the beam is of poor quality which is even more visible when looking at the deviations
from an ideal Gaussian intensity distribution represented in figure 2.2 (d). The observed
interference fringes most likely stem from a low quality collimator installed by the man-
ufacturer. In consequence, the collimator has been exchanged for one of higher quality
featuring an achromatic lens with anti-reflection coating which significantly improved
the beam’s characteristics.
A method that characterizes the shape without actually imaging it, is the razor-blade
or knife-edge method. For this method the beam is projected onto a power meter. Now a
sharp edge blocks more and more of the beam while being moved across it. By recording
the power from the power meter with respect to the distance moved by the blade (see
figure 2.3) and taking its derivative one effectively measures the intensity integrated
along the direction parallel to the edge. Commercial instruments are designed in such a
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way that a cylinder is rotated around a photo diode. In the walls of the cylinder there
are several openings with edges at several well-defined angles. Now, the beam is looked
at from different angles and a more precise notion of the actual beam shape can be
gained.















Figure 2.3: Power reading with respect to the distance moved by knife edge. By fitting
to the model function 2.2 the beam width is calculated, which in this case
is 5.5mm and slightly larger than the back aperture of the objective to be
used.
In order to calculate the beam diameter in x, wx, of a Gaussian beam one integrates
over the direction y of the Gaussian intensity distribution fully, and over x with respect
to the distance d that the knife edge is moved








with the complimentary errorfunction








Deviations form a Gaussian beam can be noticed by poor agreement in between the
data and a fit with equation 2.2. The ellipticity of a beam can estimated by comparing
the beam diameter in two directions.
Beam steering with acousto-optical deflectors
A lot of optical tweezers setups use an optical trap that cannot be moved. Instead the
whole sample is moved if necessary. More sophisticated instruments take advantage of
the fact, that if the laser beam enters the objective in an oblique angle its focus in the
sample plane is moved off-center. Deflection of the beam is generally achieved in three
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ways. By moving the last lens of the beam expansion telescope the beam can be deflected
at the cost of using the areas of the lens far from the center that are most susceptible
to aberration. In galvanometric mirrors the measurement principle of Galvanometers
is inversed for turning the mirrors. Comparatively large angles can be scanned. Also,
galvanometric mirrors are not limiting the used power or the wavelength of the laser and
provide large operating displacements but scanning speed is limited.
In our setup we use acousto-optical deflectors. Piezoelectric actuators excite sonic
waves in a crystal leading to a periodic perturbation of the local refractive index (Saleh
and Teich 2007; AAOpto-Electronic 2003)1. The laser beam passing through the crystal
interacts with this lattice produced by the sound waves and gets partly deflected when
the Bragg-condition is met. A way of treating the interaction of light and sound is by
treating it as a collision of photons and phonons under the conservation of energy
hfr = hf + hF (2.3)
and momentum
h̄ ~kr = h̄~k + h̄ ~K. (2.4)
Her fr, f and F refer to the frequency of the refracted beam, the incident beam and
the sound, respectively; and ~kr, ~k and ~K to the corresponding wave vectors with |k| =
2π/λ = 2π f/c and |K| = 2πF/vs, where c and vs denoted the speeds of light and sound.
Due to the energy conservation the refracted beam has a slightly different frequency
and thus wavelength. Some acousto-optical devices use this Doppler-effect to manipulate
the frequency of the transmitted light. For deflectors, however, the acoustic frequencies
are generally some six orders of magnitude smaller. On the other hand one can recover
the Bragg condition from the momentum conservation. If ~K = Ky the y-components of
the incident and refracted beams must match up as
|kr| sin θ = −|k| sin θ + |Ky| (2.5)
which leads to






This scenario describes the general principle of acousto-optic interaction. Changing
the acoustic frequency – and along with it the acoustic wave vector – will not only change
the angle under which the refracted beam exits the crystal but it also changes the angel at
which the incident beam should enter it. Since the refracted beam’s intensity decreases
sharply when diverging from the Bragg angle the implementation of a deflection device
is a bit more complex. When the acoustic wave is not planar this is equivalent to many
plane waves with their wave vectors lying within a divergence angle. Only the part that
matches the Bragg condition will interact with the laser beam.
1The discussion of acousto-optics is based on these two references.
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Using birefringent crystals the efficiency and maximum extent of deflection can be
improved additionally. Crystals for acousto-optical deflectors are cut and mounted in
such a way that at a center frequency the first-order refracted beam and the incident
beam are collinear. The center frequency is chosen in such a way that in a band around
it the intensity of the deflected beam is acceptable. Together with an anti-reflective
coating this implies that acousto-optical deflectors are typically tailored to one specific
light wavelength.
The devices used in our lab are optimized for a wavelength of 800 nm and a center
frequency of 101MHz. The bandwidth is specified as ±17MHz. Together with the
shear-mode acoustic velocity vs = 650m/s of tellurium oxide – the crystal that is used –
the maximal deflection angle can be calculated using equation 2.6 to ±21mrad. When
trying to use laser light with a wavelength of 1064 nm this picture changes significantly.
Not only needs the voltage controlled oscillator module – the electronics that create the
frequency for the sonic excitation – to be adapted or exchanged to accommodate the
frequency range of 84MHz to 98MHz. The specified usable deflection range drops to
22mrad altogether. Additionally, the frequency that leads to collinearity of incident and
refracted beam is at the lower end. As a consequence, the setup is aligned in a way
that is suboptimal for deflection using even lower acoustic frequencies where the beam
quickly looses power the further it is deflected.
A big advantage of acousto-optical deflectors is their response time on the order of
10 µs, which is determined by the time the altered sound wave needs to cross the diameter
of the laser beam. This allows for the trap center to jump quickly from one place to the
next. This type of time sharing emulates multiple traps.
Spatial light modulators are virtually unlimited in the number of traps they can evoke.
A Fourier transform of the desired trap configuration in the sample plane is calculated
and the beam is manipulated by a spatial light modulator in a conjugate plane (Stüber
et al. 2010).
In order to relay the angular deflection introduced by beam steering devices they are
incorporated into telescopes in a 4f -geometry (see figure 2.4). They are placed right
into the focal plane of a first lens that focuses the beam in the far focal plane which
is the focal plane of the second lens that collimates the beam again. When the beam
leaving the steering device is slanted its focus will be off-center. The off-center focus
translates again into a tilted beam, the center of which will cross the optical axis in the
far focal plane of the second lens. Either the second deflector or the back focal plane of
the objective receive the beam at this point.
Position sensing
Every object passing the laser light acts as a scattering center – especially near the focus.
This fact can be exploited for measuring the position of a trapped particle relative to
the trap center. The scattered light interferes with the transmitted light beam and
is collected onto a quadrant photodiode or similar device. In practice, the laser light
transmitted through the sample is collected by a condenser and imaged by a telescope
onto a position sensing device.
Gittes and Schmidt (1998) calculated the intensity distribution on this device with
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Figure 2.4: 4f -geometry for relaying angular deflections. By focusing and recollimating,
the angular reflection of a beam steering device is relayed to the back aperture
of the objective. The second lens need not be of the same focal length thus
facilitating slight beam width adjustment.
respect to the distance of the object from the focal point by modeling the object as
a point scatterer. A quadrant photodiode is divided into four segments. In order to
increase the faint interference signal the signal of two neighboring segments is added up
and the difference normalized to the sum of all segments
∆x = (I2 + I4)− (I1 + I3)
I1 + I2 + I3 + I4
(2.7)
and
∆y = (I3 + I4)− (I1 + I2)
I1 + I2 + I3 + I4
(2.8)
Figure 2.5 shows the quadrant photodiode signal ∆x and ∆y. An immobilized 2 µm-
polystyrene bead is scanned with the piezo stage. The signal in x and y is linear in a
regime of more than 100 nm and decoupled. Such a bead scan can be used to calibrate
the displacement of the bead from the trap center in order to calculate forces acting
on the bead. One can also take advantage of the fast switching capabilities – trapping
the bead at its center and transiently jumping to the periphery in order to record the
signal. x A more elaborate model by Rohrbach et al. (2003) highlights the possibility
to also measure the position of the bead in z-direction with an integrated signal. Here,
detection sensitivity can be increased by limiting the aperture of the photodiode.
Calibration
To use optical tweezers not only as a manipulating but also as a force measurement
device in analog to a spring scale it needs to be calibrated. One approach is the drag
force method. A bead is trapped in a thick sample and the stages is moved underneath
it at a defined velocity, while measuring the displacement of the bead from the trap
center as a function of trapping power and drag velocity. Stokes drag force can be easily
calculated if the viscosity of the medium, the radius of the bead and the velocity is
known.
A second approach involves the observation of the thermal motion of a trapped bead.
Since the trap potential is approximately harmonic, the equipartition theorem can be
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Figure 2.5: Quadrant photodiode signal of a scanned bead. The piezo stage is used
to scan the trap across an immobilized 2 µm-bead. The graph shows the
normalized ∆x-signal. In a central region it is linear with the displacement
of the bead and decoupled from the ∆y-signal.






The power spectrum method is a third approach. It analyzes the powerspectrum of the




dt + kx = ξ(t), (2.10)
where γ is the drag coefficient of the bead and ξ(t) are the stochastic forces experienced









The corner frequency fc, in fact, gives the time scale on which the mean squared dis-
placement in equation (2.9) saturates. By superposing an oscillation, i.e. by oscillating
the trap with a piezostage by a known amplitude A at frequency fdrive, an additional
spike appears in the power spectral density (Tolic-Norrelykke et al. 2006)
Sx(fdrive) =
A2




It can be used to determine the trap stiffness and the conversion factor of the quadrant
photodiode independently.
Design considerations
For the experiments presented in chapters 3 and 4 two tweezers setups have been em-
ployed. A central demand of the experiments is the ability to combine optical trapping
and fluorescence microscopy. This is achieved by modifying a commercial fluorescence
microscope and coupling the laser beam into the microscope’s light path in between
the fluorescence filter cubes and the objective. Figure 2.6 illustrates the combination of














Figure 2.6: Principle optical tweezers setup. The laser beam is coupled into the micro-
scope’s beam path by a dichroic mirror (D) and projected onto the back aper-
ture of an high numerical aperture objective (O). The focused beam forms
an optical trap in the sample plane (S). Position information is collected
by the condenser (C) and relaid to the quadrant photodiode (QPD). The
beam steering path is not pictured, cf. figure 2.4 and 2.7. Epi-fluorescence
microscopy is realized via the standard microscope beam path with excita-
tion light selected by the filter cube (F) and image acquisition by a camera
(CCD). Drawn by C. Schuldt in (Strehle and Schuldt 2012).
One setup comprises a Titanium-Sapphire laser and the second a maintenance-free
fiber laser which increases the stability of the setup. Beam paths of the redesigned setup
are kept short and a very compact design that fits onto the microscope has reduced
further maintenance requirements drastically. A snapshot of the CAD-model used to
design and test the compact layout is presented in figure 2.7. Further, a piezo-stage is
integrated to allow for positioning down to several nanometers.
Especially when working with complex, biochemically sensitive samples it is crucial
that experimental hardware works perfectly. The full, automated integration of all
components, however, also calls for complex, albeit comfortable and reliable software.
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Figure 2.7: Model of actual setup including beam-steering path. The fiber laser’s colli-
mator is mounted on a 5-axis mount allowing for tilt, position and rotation
adjustment. The beam that may be deflected by an acousto-optical deflec-
tor is relayed by a 4-f telescope configuration to the second acousto-optical
deflector. A second 4f-telescope slightly adjusts the beam width before the
beam is coupled into the microscope’s beam path by a dichroic mirror.
2.3 Software libraries for instrument integration
For complex experiments most instruments need to be controlled through one program.
In our laboratory we have used the frame offered by LabView. The chief advantage of
LabView lies in its convenient way of user interface design as well as its tight integration
with computer hardware for analog digital or digital analog converters.
LabView is a programming language which – in contrast to classic sequential, text
based programming – is based on the flow of data in flow charts. Rather then typing
code the programmer e.g. connects input fields to sub-routines – the so-call sub-VIs,
virtual instruments – represented by graphical blocks with lines/wires. Output terminals
can then be connected to further processing or presentation on the front panel, which
constitutes the user interface. A simple illustration involving the sum and the product
of two input numbers illustrates the concept in figure 2.8.
For communication between instruments and computers often a serial interface is
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Figure 2.8: Concept of graphical programming. The user can manipulate the inputs
Number 1 and 2 on the front panel (left). On the block diagram (right) data
“flows” from the terminals Number 1 and 2 to the operators + and ×. Their
output is passed to the terminals Sum and Product which display the result
in the respective fields of the front panel.
provided. Simple text messages – containing commands, parameters and signal read-
outs – are sent and received via serial ports. In order to avoid reprogramming instrument
functionality for every new experiment I have composed libraries for most instruments
in use.
The core element of each of these libraries is a virtual instrument (VI) with a design
pattern called functional global variable. A VI following this template remembers the
values of variables that are not explicitly initialized in between calls but can only be
running in one instance at any given time. So in between executions the VI remembers
the state of the instrument it is to control. It is called with a command to perform
diverse activities such as initializing or shutting down the instrument.
Orca digital camera
Our Orca digital camera follows the specifications of the DCAM industry standard.
Besides three basics modes common to all cameras that conform to this specification, it
offers a number of additional, camera-specific running modes and parameters. Although
all these can be configured on the system level, varying experimental conditions such as
fluorescence intensity or changing filter cubes make it necessary to change acquisition
parameters on run time.
The Orca VI features functionality to adjust brightness, contrast and exposure times
while acquiring images. Several camera acquisition modes offer different levels of hard-
ware binning – the accumulation of signal from small areas of 2× 2 to 8× 8 pixels.
Defining a region of interest can boost the frames rates because less data is transferred
from the chip to the camera circuitry to the computer. It is also possible to control
the exposure by external triggers. For all these changes image acquisition needs to be
interrupted and resumed after setting the relevant parameters.
The library additionally contains a number of predefined controls that also visualize
additional information to the respective parameter. A sub-panel VI – that could be
run individually – is dedicated to simple integration into complex experimental control
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programs providing all mentioned functionality.
Märzhäuser and piezo stage control
Both instruments are used for positioning the sample with respect to the objective. The
Märzhäuser stage is driven by stepping motors and its range of motion stretches for more
than 10 cm in x and y-direction with a precision of under 1 µm. The piezo stage is driven
by piezos with a range of 80 µm and few nanometer precision in all three dimensions.
Communication with the computer is achieved over a serial interface and the core VIs
feature relative and absolute placements as well as position read-out and memory.
The driver hardware for the piezo stage supports autonomous function generation
such as triangle, sine or rectangle patterns which can be configured with the Piezo VI.
However, these cannot be internally synchronized as to facilitate scanning in oblique
angles. To circumvent this the piezo stage could also be controlled by analog signals
from a digital analog converter in the same way as the acousto optical deflectors – a
feature that has not been implemented.
The libraries additionally contain predefined controls, minimal graphical user inter-
faces that run autonomously and sub-panel VIs for integration into complex experimental
control programs.
Acousto-optical deflectors control
The acousto-optical deflectors are driven by a voltage controlled oscillator. This control-
ling voltage is generated by a digital analog converter integrated on a National Instru-
ments Multifunction Data Acquisition device NI PCI-6711 (in the following referred to
as NI card). Due to the seamless integration of this device’s driver into LabView simple
positioning of the laser trap is straightforward. However, more elaborate requirements
such as time sharing for multiple traps e.g. sinusoidal motion of the trap demand more
configuration.
The AOD VI provides the functionality to simplify this configuration for the above
scenarios. The NI card is equipped with an internal clock source that times the output
of multiple samples. In so-called double-buffered output the list or array of sample
values is written into a reserved section of main memory by the AOD VI. The NI card
is instructed to fetch sample values from the main memory via direct memory access
(DMA) into its first-in-first-out (FIFO) buffer from were samples are generated according
to the internal or an external clock source progressively emptying the FIFO buffer. For
continuous output the main memory buffer is looped, e.g. for multiple traps or oscillation
of one trap. The beginning of sample generation can also be triggered by internal or
external electronic signals.
The library additionally contains predefined controls, a minimal graphical user inter-
face that runs autonomously and a sub-panel VI for integration into complex experi-
mental control programs.
Quadrant photodiode data acquisition and synchronization
Data acquisition from the quadrant photodiode is realized via a custom preamplifier and
amplifier by an analog digital converter on National Instruments Multifunction Data Ac-
quisition device NI PCI-6023E. Again, configuration is straightforward for simple data
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acquisition. However, it becomes complex when it needs to be synchronized with the sig-
nal generation for the acousto-optical deflectors. The AOD-QPD-Sync library provides
such functionality. The sample acquisition clock source is configured from the number
of signal acquisitions requested per acousto-optical detector position and constitutes the
master clock source. The analog output for the acousto-optical deflectors is configured
such that it listens to this clock source and ignores as many triggers as samples requested
per position. In consequence both analog input and output are synchronized as long as
the clock source runs. Acquired signals are sent into a queue for further processing by the
main program. For the program controlling bundle wiggling also the image acquisition
is incorporated into this timing hierarchy.
Manlight fiber laser
The only reason for needing to control the fiber laser lies in the fact that it is an OEM
version with a serial interface only. Thus the ML-laser VI is a standalone program to
control the amplifier current and thus the output power. It is also used to switch the
guide laser – a visible light laser – on and off and display status as well as error messages
from the instrument.
Summary
With these libraries at hand it is now possible to assemble more complex programs on
a more comfortable, higher abstraction level. They are designed to implement most
functionality that the hardware provides while being extensible should exotic features
be demanded for highly specialized tasks thus obliterating the need of reinventing the
wheel for every new type of experiment. The experiments described in the following
utilize these functions in order to control the optical tweezers, the image detection and
the object stages in a concerted way.
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3 Bundle mechanics in the time domain
Bundle structures are prominent features in cells and implicated in diverse tasks rang-
ing from signal transduction over motility to mechanical integrity. Cells are constantly
subjected to mechanical stresses on various timescales. Especially motile cells are very
dynamic continually reorganizing their cytoskeleton while keeping their mechanical in-
tegrity. In this context they need to be able to respond to stresses differentially. On
short times, resisting deformation elastically maintains mechanical integrity, whereas on
long times the cytoskeleton must be able to adjust to the changing environment.
In the frame of the following experiments, I have identified a minimal, functional
module conferring such a response. In order to test it, actin filaments must be agglom-
erated to individual bundles and attached to beads that can be manipulated with optical
tweezers.
3.1 Bundle formation and sample preparation
When G-actin polymerizes to F-actin in the presence of cross-linking proteins it produces
rather random networks. An example of such actin bundle networks at high concentra-
tions is presented in chapter 5. For the realization of bundle bending experiments,
however, individual bundles that are well-separated are needed. In order to assemble
such bundles a more sophisticated approach has been developed.
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Actin is polymerized in F-buffer (see appendix B.2) at 5 µM in the presence of Rhoda-
mine-Phalloidin overnight and then diluted to 1 µM. In the next step it is further diluted
to 100 nM – but now in the presence of the depletion force bundling agent methyl cellulose
(4000 cP) at a concentration of 0.6%. After gentle stirring with the pipette tip and an
incubation time of 30min bundles have formed and α-actinin is added to a concentration
of 100 nM.
After an additional 30min incubation period the final sample solution is prepared.
Polystyrene beads of 2 and 6 µm diameter are added that have already been coated
with myosin inactivated by n-ethylmaleimide (see appendix B.3). This NEM-myosin
is still able to grab to the actin filaments but its working stroke to generate filament
motion is inhibited (Veigel et al. 1998). Before being transferred to cover slips the actin
bundles solution is diluted three-fold i.e. to 30nM using anti-bleach buffer (see appendix
B.2). Now the methyl cellulose’ concentration is below 0.2% – well below the bundling
threshold.
This has been confirmed by a similar preparation lacking α-actinin cross-linkers. Upon
dilution below the bundling threshold, bundles disassembles.
For experiments using F-actin bundled by depletion forces alone, 100 nM actin is fur-
ther diluted in anti-bleach buffer with NEM-myosin beads of both sizes and 0.8% methyl
cellulose as a bundling agent. It is gently stirred with the pipette tip and incubated for
30min. See appendix B.4.1 for the full protocols.
5 µl to 8 µl of the sample solution are transferred to a cover slip lined with vacuum
grease. Small openings allow excess air pockets to escape when a second cover slip is
pressed on top. Both cover slips have been treated with Sigmacote (Sigma-Aldrich Co.,
LLC), a solution that covalently forms a hydrophobic surface (Sigma-Aldrich 2013). The
6 µm-beads are pinched between the two cover slips, thus rendered immobile and acting
as spacers.
3.2 Bundle bending experiment
After its assembly the sealed sample chamber is placed on the Leica DM IRB inverted
microscope equipped with an optical trap. Using an 100 x-objective and an Hamamatsu
Orca ERG camera on 2 x-C-mount we observe a field of view of 30 by 40 µm. Control of
camera, optical trap and motorized microscope stage is realized by a personal computer
running a self-written control program .
3.2.1 LabView VI for bundle bending
A LabView-program has been written to control the whole experimental setup. Its
front panel is divided into four main sections (See figure 3.1). Stage control refers to
the motorized Märzhäuser stage. Positions can be memorized and later be returned
to since the employed stepping motors keep track of the sample’s position. The visual
control group controls settings of the camera – two settings can be specified to switch
in between settings for visualizing fluorescent beads or actin – as well as the shutter for
fluorescence illumination. The overlay button enables the visualization of the “torture
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control” parameters in the displayed camera image. These are set in the fourth part by
defining the points of interest – the attachment point in between bundle and big bead
and the position of the trapped small bead (See figure 3.2). “Angle” defines the extent of
bending and “time” the time until release of the small bead from the trap. The bundle
length and mean radius of curvature are displayed as a reference for this angle. The
optical trap can be moved with the tweezers control either by directly specifying values
for the acousto-optical deflectors or it is moved on an arc calculated from the bending
points of interest.
Figure 3.1: Front panel of “Bundle Torture” VI. The front panel is divided into four
main parts for the control of the motorized stage, control for the camera and
illumination, control for the optical trap and the set-up of the actual bending
experiment.
Rather than being moved on a circular arc with the attachment point in its center,
the distance between trapped bead is decreased with increasing bending angle so the arc
becomes subcircular. An approximation of the bundle shape to a circular arc is used
rather than the solution of an elastic beam under load. For details of this calculation
see appendix A.1.
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Figure 3.2: The bundle bending experiment. The actin bundle is attached to an immobi-
lized 6 µm-bead on the one side and to a 2 µm-bead that can be manipulated
with the optical trap on the other end. The bending angle θ in between the
smaller bead’s initial rest position (RP), the attachment point (AP) and the
smaller bead’s position while bending is a measure for the mean curvature
of the bundle.
In order to find a suitable bundle, the sample is scanned for an immobilized 6 µm-
bead with an actin bundle already attached and the current position of the sample is
memorized. Now, a 2 µm-bead is searched and trapped. Since a free one can be several
fields of view away the “return to position” function for the stage is used to bring it
into the vicinity of the bundle. Moving the bead stepwise with the stage or tweezers
control, it is moved closer to the bundle until it attaches. This is checked by releasing
the bead from the trap or moving it to see if the bundle follows. The attached bead
now undergoes thermal motion around its so-called initial rest point. Again the trap
center is positioned here and recaptures the bead for subsequent bending experiments.
Frequently it is not possible to assemble such a bead-bundle-bead system either due to
degraded bundles, to bundles connected to bundle agglomerations or to ineffective bead
coatings. Thus the sample as well as the beads need to be discarded.
After the attachment point and the center of the trapped bead have been specified
the program calculates the path that the trapped bead will be moved along in order to
bend the bundle. This mainly depends on the specification of the bending angle which
often has been chosen such that the radius of curvature for the bent bundle is in the
range of 3 µm to 5 µm. The bending time sets the time from the start of bending until
the release of the trapped bead. Images are recorded before bending, while bending and
after release.
For longer bending times the fluorescence illumination is blocked until the release in
order to prevent photobleaching. Although, the only the bead will be tracked, serving
as a marker for the bundle’s position it is necessary to discern the bundle itself. Visual
inspection verifies that the bead is still attached to the bundle.
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3.2.3 Image analysis and data survey
Image analysis, i.e. the tracking of the released bead, is done automatically after a
manual preprocessing step. Image intensity is adjusted by stretching the histogram
for higher contrast in the visualization. The user now specifies a region of interest for
the expected trajectory of the small bead at the bundle’s tip during the bend and its
relaxation. Additionally, images can be filtered using a Gaussian or averaging filter of
various sizes. A temporary image resized by a factor of 2 or 4 is formed by interpolation,
later facilitating a small degree of sub-pixel resolution.
The actual tracking of the bead position is achieved by a cross-correlation algorithm.
All images are cross-correlated with template image of a bead – a white circle the size
of the bead with black borders 1/4 its diameter. The maximum of the cross-correlation
image represents the bead’s position and divided by the resize factor gives the bead
position in the original image. Apart from obvious tracking errors near the region of
interest’s borders, the fidelity of tracking proofs adequate since thermal undulations
of beads and bundles are still larger. In only introduces larger noise due to tracking
uncertainty for extremely short bundles.
A MatLab user-interface can be used to inspect the tracking results and remove
obvious tracking errors. It can be visually verified if the relaxation path follows the
bending path. Besides the x and y-position of the bead, the bending angle and the
mean radius of curvature are calculated and stored together with timestamps in one file.
3.3 Bundle workout – Results of the bending experiments
With the tools at hand, experiments are possible that mechanically probe actin bundles
to extents not experienced by thermal agitation. Bundles can be deformed to radii
of curvature well below 3 µm along the whole contour. Regardless of these vigorous
deformations the bundles respond robustly.
3.3.1 Multiple bends and elastic response
Bundles can be bent multiple times – even successively in both directions. For short
holding times, i.e. the time from the start of bending until the release of the small beads,
they always relax fully elastically. In figure 3.3 the relaxation of the bending angle is
plotted with respect to time for a 7 µm long bundle. This elastic response is very robust
and relaxations of successive short bends are similar in their characteristics.
The elastic response in its robustness is also observed for strongly kinked bundles or
inhomogeneous bundles (see figure 3.10 b). Depletion-force induced bundles also exhibit
a elastic response. However, they take considerably longer to reach the initial resting
configuration hinting at additional relaxation mechanisms (see also section 3.3.3).
Often the relaxation behavior can be fitted to an exponential. For repetitive, short
bends the resulting relaxation times are similar. Figure 3.4 compares relaxation times
for 20 different bundles. Since the bead’s drag is significant with respect to the drag on
Bundles of Semi-flexible Cytoskeletal Filaments 51
3 Bundle mechanics in the time domain














Figure 3.3: Repetitive bending – a robust elastic response. An α-actinin-actinin bundle
is bent multiple times first in one and then in the opposing direction. Within
the observation time it shows almost full relaxation to the initial rest point,
i.e. an elastic response. This response is robust also when alternating bend-
ing directions. In one direction, however, a second relaxation mechanism is
superposed – possibly the twist of the bead around the bundles (see also
section 3.4.2). Errors in position detection are smaller than thermal motion
of the relaxed bundles.
the bundle, relaxation times are corrected by
fcorr =
ζL4
(ζL+ γ)L3 , (3.1)
where L denotes the bundle’s length, and ζL and γ the drag on bundle and bead,
respectively (Taute et al. 2008). When more than one short bend (≤ 10 s) was performed
the spread of values for one bundle is depicted in terms of standard deviations.
However, in some cases a single exponential fit is clearly not adequate and double
exponential fits are employed yielding a much better fidelity of the model to the data.
Inspecting the residual of the different fit models, single exponential and power law fits
show systematic deviations. In contrast, double exponential fits feature smaller, more
evenly distributed residuals (See also figure 3.10). This gives rise to the notion that
distinct relaxation mechanisms may be at work. At the suggestion of K. Kroy1 also a
power-law model was employed not providing further improvements. It fails to accu-
rately describe the initial relaxation very shortly after release. When the relaxation has
progressed, thermal undulations gain importance that now longer allow for distinguish-
ing in between models at longer times. In order to compare bundles not represented by
the single exponential model, an approximate relaxation time is determined as the time
1private communication
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Figure 3.4: Relaxation time constants for 20 α-actinin-crosslinked actin bundles. Re-
laxation times are corrected for bead drag using equation 3.1. According
to equation (3.2) they should increase with the fourth power in length. If
more than one measurement with a short holding time ≤ 10 s was performed
error bars show standard deviation, otherwise they are omitted for single
measurements.
needed to relax to 1/e of the bending amplitude. When increasing the holding times,
however, this value might not be attained at all.
3.3.2 Endurance test – Plastic response after longer holds
When held in the deformed configuration for a short time only, the response of both
depletion-force induced and α-actinin crosslinked bundles is elastic. A holding time of 5 s
is comparable to the dissociation time of 2 s to 3 s for α-actinin from actin (Wachsstock
et al. 1993; Goldmann and Isenberg 2004) and considered short. By, increasing the
holding times 20 to 200-fold, however, new phenomena emerge for α-actinin crosslinked
bundles.
For an intermediate holding time of 100 s two observations can be made. First, the
relaxation time now differs more than during repetitive bending in some instances. And
instead of fully relaxing to their initial rest point bundles now show some residual de-
formation – the bending angle does not reach 0◦ within the experimental observation
time. As an example figure 3.5 shows an experiment with holding times increasing from
5 and 100 to 1000 s. There is a more than five-fold increase in relaxation times from the
short to the intermediate bend. Also, the bending angle does not fully relax and some
residual deformation persists. After the long hold of 1000 s the bundle hardly relaxes at
all and the residual deformation is close to the deformation imposed by bending.
In order to probe specifically for plasticity, experiments have been standardized (See
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Figure 3.5: Relaxation of bending angle for intermediate holding times. After a short
hold the bundle relaxes fully. After an intermediate hold of 100 s its relax-
ation time is increased more than six-fold and some deformation persists.
This residual deformation is even larger after a long hold of 1000 s.
also figure 3.6 and 3.7 ). First, a short bend to the bending angle θ = θ0 is performed
and its elastic response to θ = 0 observed. A long hold in the bend configuration
θ = θ0 follows. During this hold fluorescence illumination is switched off to reduce
photobleaching. Now, the bundle typically does not relax fully, but only to the plateau
bending angle θPl. Since this cannot be distinguished from the bead being stuck to the
cover slip, the so-called integrity test is carried out. The bead is trapped again and
the bundle is straightened out to its original configuration θ = 0. Upon release the
bundle now returns to the newly found resting configuration θPl. The reversibility of the
plastic deformation is confirmed when the hold in the straightened configuration θ = 0
is extended to 1000 s. Upon release it fluctuates around the initial rest point again.
The extent of persistent deformation is characterized using the residual deformation.
It is defined as the ratio of the plateau bending angle after relaxation θ and the ini-
tially imposed bending angle θ0. Figure 3.8 shows the results for 10 different α-actinin
crosslinked bundles. Bundles are included if all three components of the experiment
– a short and a long bend and an integrity test – have been performed. Frequently
this has not been possible due to bundle-bead linkage breaking or bead sticking. Also,
reversibility was successfully in the majority of cases.
The existence of residual deformation suggests an internal rearrangement that leads
to a persistent change of the equilibrium configuration, likely caused by crosslinking
proteins. In contrast, filaments bundled by depletion forces alone show more elastic
behavior.
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Figure 3.6: The bending experiment with transient crosslinkers. In order to specifically
test for plastic deformation the bundle is first subjected to a short bend
(panel a, red) with the bending angle θ0. After release of the bead from the
trap at tshort it relaxes fully to its initial resting configuration (blue). Now,
the bundle deformed again but this time released only after the long holding
time tlong (panel b, red). The subsequent relaxation, however, attains only a
plateau bending angle θpl (blue) failing to reach the initial rest configuration
(panel b, dashed circle). For the integrity test, the bundle is bent to the
initial rest configuration and held for a short time (panel c, red). Since it
relaxes to the plateau bending angle after release (blue) it can be ruled out
that adhesion of bead to cover slip has mistakenly been interpreted as a
plastic response.
3.3.3 Purely elastic depletion-force induced bundles
When probing bundles formed by depletion forces alone on short, intermediate and
longer times, they show a fully elastic response, e.g. there is no persistent deformation.
Figure 3.9 shows the relaxation of such bundles. Bundles comparable in length to the
Bundles of Semi-flexible Cytoskeletal Filaments 55
3 Bundle mechanics in the time domain


















0 50 100 150
Integrity test
Reversibility test
Figure 3.7: Plastic deformation experiment data with α-actinin-crosslinked bundles. Af-
ter a short hold at the bending angle the trapped bead is released and the
bundle relaxes fully to its initial rest configuration. After a long hold, how-
ever, it only relaxes to a plateau bending angle θpl. This new equilibrium
configuration is confirmed by the integrity test. Here, the bundle is deformed
back to the initial rest configuration and upon release it relaxes to the plateau
bending angle. This plastic response is reversible as exemplified during the
reversibility test. After a long hold at the initial rest configuration the bundle
does not move away.
ones crosslinked by α-actinin take much longer to attain the 0◦ bending angle. Yet,
there is a difference in the characteristic relaxation time after the short hold and after
the long, where it nearly doubles. This also hints at an internal relaxation mechanism.
In contrast to α-actinin-crosslinked bundles, however, it is far less persistent resulting
in a full elastic response of depletion-force induced bundles.
3.4 Elastic and plastic deformations of F-actin bundles –
Discussion
In these experiments actin bundles formed by depletion-inducing agents only and cross-
linked by α-actinin have been subjected to large deformations. Bundles have shown two
distinct types of response – a fully elastic relaxation, common to both types of bundles,
and a partially plastic one, which is limited to the crosslinked bundles held for longer
times.
Controlling the bundle size – and the bundle formation process in general – sets con-
straints on the experiments and their interpretations. This and other limitations will
be commented on in the following paragraphs. The elastic response can be further ana-
lyzed by its relaxation time constant and will be discussed with respect to the visibility of
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Figure 3.8: Residual deformation of α-actinin-crosslinked bundles. The extend of plastic
response to deformation is characterized as the ratio of bending angle after
relaxation and the bending angle imposed during the long hold, θ/θ0. Each
group corresponds to one set of experiments comprising a short hold, a long
hold and an integrity test.
Length τ after short bend τ after long bend





Table 3.1: Relaxation times for depletion-force induced bundles after short and long
bends. Characteristic times after long hold of 1000 s double
higher or different relaxation modes. The plastic response is characterized by the residual
deformation. Results here have spawned theoretical work which will be highlighted.
3.4.1 Bundle formation process and bundle thickness
For these experiments I have conceived of a method for preparing bundles which made
them possible in the first place. Typically, crosslinking proteins have been associated
with specific network morphologies – crosslinked actin filament networks, crosslinked
actin bundles or crosslinked networks of actin bundles (Revenu et al. 2004).
For these experiments, however, isolated crosslinked actin filament bundles are needed,
which is only possible at a rather low overall actin concentration. The polarity of actin
filaments gives rise to different equilibrium constants describing monomer addition and
removal at both ends of filament. The differing chemical equilibrium constants of both
ends delimit three regimes depending on the monomer concentration – both ends poly-
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Figure 3.9: Depletion-force induced bundles relax fully, irrespective of how long they
have been held. However, relaxations times are longer. The first three plots
represent bundles of approximately 12 µm, whereas the last bundle is only
2.5 µm in length. Short and long holds last 10 s and 1000 s, respectively.
merize; one polymerizes and one depolymerizes, i.e. the filament treadmills; both ends
depolymerize. They also set the monomer concentration to a critical concentration. If
was higher the monomers polymerize until their concentration is critical again. If it was
lower filaments depolymerize trying to fill the monomer pool up. Using amine-reactive
fluorescent labeling these chemical constants are not changed significantly and therefor
filaments would quickly disappear when working in concentration regimes necessary for
single bundle experiments.
Another commonly used approach to labeling actin filaments takes advantage of the
mushroom toxin phalloidin. It lowers the critical concentration 20 to 30-fold (Cooper
1987) by intercalating in between two adjacent subunits. This way, it facilitates the work
with actin filaments at concentrations well below 100 nM. The structural alteration by
phalloidin is accompanied by a mechanical stiffening of the actin filament. This is why
early reports of F-actin bending stiffness measured by fluorescence imaging presented
values in the range of 15 µm to 20 µm (Gittes et al. 1993; Käs et al. 1993) whereas later
actin labeled without the use of phalloidins led to values below 10 µm (Isambert et al.
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1995).
A crucial step in obtaining relatively well-formed bundles is pre-bundling. Bundles
are formed using depletion force agents such as methyl cellulose before the addition of
the crosslinking protein. The sample is incubated before it is diluted below the bundling
threshold of the depletion force agent. A second incubation period aims at equilibrating
the crosslinker position within the bundle. Despite this precaution it is not clear in how
far the crosslinkers are able to penetrate the bundle. This leaves some ambiguity on the
thickness of bundles. Crystal structure analysis implies an interfilament distance from
20nm to 40nm for anti-parallel and parallel filaments, respectively, when crosslinked by
α-actinin (Liu et al. 2004). However, bundles formed by depletion forces or multivalent
ions are thought to be very compact with no spacing at all (Shikinaka et al. 2008).
Attempts to characterize bundle structure on the macromolecular level have remained
elusive with techniques available in our lab – atomic force microscopy – or locally –
transmission electron microscopy. Bundles could not be reliably attached to a surface
that would allow for scanning with a cantilever tip.
Another approach is to monitor thermal fluctuations of the bead attached to the
bundle (Wilhelm and Frey 1996). However, two points devalue this procedure. With
2 µm the used beads are rather big. As a consequence bundle twist contributions interfere
with bending contributions. On the other hand it is not possible to observe the bundle
long enough to gain statistical relevant data without jeopardizing the actual experiment
due to photobleaching.
As a result I have resorted to comparing fluorescence intensity of bundles to that of
single filaments in order to attain an estimate of the number of filaments involved in a
bundle. Filaments and bundles are usually not coexistent in one sample. Therefor, two
samples of the same batch of actin filaments were examined once in a filamentous state
and once prepared after the bundle preparation protocol. This approach estimates the
bundle size in our experiments at 20 to 70 filaments.
3.4.2 Elastic response
Actin bundles that have been bundled by depletion forces alone or additionally cross-
linked by α-actinin have been subjected to large bending deformations with the help of
optical tweezers. If the bend configuration is sustained for times shorter than 10 s both
types of bundles show an elastic response. Bundles can also be deformed consecutively
responding similarly. Figure 3.4 shows a summary of characteristic relaxation times for
20 α-actinin crosslinked bundles and table 3.1 for depletion force induced bundles.
Repetitive or alternating bends in both directions show similar relaxation behavior. In
addition to the bending relaxation – when bending in the direction opposite the bead’s
attachment – the relaxation of twist comes into play. Although relaxation times of repet-
itively bent bundles are similar, when comparing different bundles these characteristic
times span almost two orders of magnitude (see figure 3.4). Partially, this is due to
different lengths of bundles but it also reflects the limitation in precisely controlling the
bundles’ thickness. On the other hand bundles are not always homogeneous in thickness
which becomes evident in an uneven spread in stress-induced curvature.
Bundles of Semi-flexible Cytoskeletal Filaments 59
3 Bundle mechanics in the time domain
To a large extent relaxations follow a single exponential time dependence. The worm-






with qn = (n− 1/2)π
The strong influence on the mode-dependent factor q separates the relaxation time τ1 for
the lowest mode by a factor of 81 from τ2 of the second mode. Since image acquisition is
run at roughly 10 fps these higher modes cannot be reliably resolved for relaxation times
typically below 100 s.
However, many relaxations deviate clearly from single-exponential behavior and ex-
hibit relaxation times that are closer in value. Figure 3.10 shows an example evaluating
the fidelity of fits to the three model functions
θSingle(τ) = Ae−t/τ + C (3.3)
θDouble(τ) = A1e−t/τ1 +A2et/τ2 + C (3.4)
θPower(τ) = Atb + C (3.5)
alongside its residuals. As illustrated in panel b a single exponential model is clearly
not adequate. Residuals are not scattered randomly but rather obey a distinct trend to
under-, over- and again underestimate the data. Panel c shows the residuals of a double
exponential scattering more evenly around zero. In panel d a power law function was fit
to the data yielding no further improvement. A correlation to a power law model would
imply that the relaxation is not coupled to any particular time-scale (Fabry et al. 2001).
In contrast, two distinct relaxation processes can be identified in this example. This
bundle displays a strong heterogeneity that is reflected in its uneven curvature (see
figure 3.10 e, first panel). The second and third panel in figure 3.10 e correspond to 0.7 s
and 6.1 s that are the two characteristic time constants found by the double exponential
fitting routine. The strong kink relaxes with the shorter time whereas the bundle as a
whole straightens much smaller.
3.4.3 Elastic versus plastic response
Whereas bundled actin filaments fully relax after being bent for a short time (on the
order of a few seconds) they show a contrasting behavior for longer times.
Depletion-force induced bundles of 12 µm length – though fully relaxing – double their
characteristic time from 70 s to 90 s after short holds to 140 s to 160 s after long holds
(cf. table 3.1). This is consistent with the notion that in bundles formed by depletion
agents filament sliding is severely restricted. Force measurements suggests that stress is
relaxed within the bundle on the time scale of tens of seconds. Rückerl et al. (2013) have
gathered similar data by buckling extremely thick actin bundles – i.e. bundles that are
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Figure 3.10: Relaxation fitted to different model functions. (a) Single, double and power
refer to the model functions 3.3, (3.4) and (3.5), respectively. (b-d) Resid-
uals of the fit to the corresponding model functions. Clearly the double
exponential fit should be preferred due to the unstructured distribution of
its – also smaller – residuals. The second relaxation time hints at an addi-
tional relaxation mechanism. (e) Image sequence corresponding to t = 0 s,
0.7 s and 6.1 s. The kink – marked by an arrow – in the first panel has
already relaxed after 0.7 s when overall relaxation still progresses.
visible under conventional microscopy. The stress relaxation is attributed to filaments
sliding against each other under load. It may be argued that during short holds no
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significant stress relaxation takes place. After long holds, however, stress relaxation has
occurred to a large extent. When released the bundle now returns towards its straight
configuration. As it is accompanied by a stress relaxation in the opposite direction
curvature relaxation is now appreciably slower.
The response of actin bundles that have been crosslinked by α-actinin is more complex.
From intermediate holding times of 100 s a prolongation of the characteristic time is
observable. Additionally, some bundles fail to relax totally to their straight configuration.
Instead, some deformation persists for the full observation time. After holding times of
1000 s this residual deformation is even more pronounced and has been observed in every
experiment (cf. figure 3.8).
α-Actinin is a transient crosslinker with dissociation times from actin in between 2 s to
3 s (Wachsstock et al. 1993; Goldmann and Isenberg 2004). Holding times thus are much
longer than the typical crosslinker dissociation time and crosslinkers are free to unbind
and rebind numerous times. It is conceivable that rebinding occurs at more favorable
binding sites that minimize strain on the crosslinking proteins. In consequence, the bent
configuration of the bundle is stabilized.
In order to specifically test for a plastic deformation response a holding time of 1000 s
was chosen. Although, a partially plastic response has been observed with holding times
of 100 s, these are remarkably longer than the reported dissociation times.
Since bundles are very compact, α-actinin diffusion away from binding sites might
be severely hindered. Together with the helical geometry of actin filaments this may
effectively trap the crosslinkers at one position. If neighboring binding sites are also
occupied collective effects may increase the required time for plasticity substantially.
Heussinger (2011) – inspired by this work – has extended the worm-like bundle
model to include crosslinker dissociation and association. A discretized version of equa-
tion (1.13) for the contribution of crosslinker shear now features an occupation variable









with ∆i,α = ui+1,α − ui,α + bθα,
where i counts filaments and α attachment sites. ni,α is governed by two quantities, on
the one hand the chemical potential µ and on the other hand the strain on the crosslinker
∆i,α that modifies the filament-crosslinker interaction potential. While α-actinin is con-
sidered a compliant crosslinking protein for small deformations (Claessens et al. 2006),
it is also regarded as a “catch bond” which tightens its grip under load2 increasing its
contribution considerably. The mean crosslinker occupation 〈n〉 with respect to the ap-
plied curvature is computed for different ratios of crosslinker stiffness to the extensional
modulus of filaments. For a high stiffness a discontinuous transition with strong hys-
teresis from a high to a weak crosslinking state is observed which is equivalent to long
time scale needed to cross a free energy barrier. This discontinuity appears for high
2Gijsje Koenderink, Private communication, Physics of Cancer Conference, Leipzig 2012
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crosslinking densities or high crosslinker stiffness, respectively. Otherwise the effect of
crosslinker binding would only be local and not lead to a strong degree of cooperativity.
Within this model it is conceivable that the bundle response at intermediate time scales
reflects the transition in the weak crosslinking state. At even longer times this energy
barrier is crossed again and now crosslinkers are allowed to rebind at new binding sites
unstrained.
3.5 Differential mechanical response – Summary
With these experiments I have presented a minimal functional module that endows
cells with a means to differentially respond to mechanical stresses on different time
scales. Using optical tweezers in vitro actin bundles have been subjected to deformations
greatly exceeding those generated by Brownian motion. Bundles repetitively responded
elastically on short time scales whereas on long time scales crosslinked bundles responded
partially plastically with persisting residual deformation.
In contrast, in bundles mediated by depletion forces alone the response has always
been elastic. During the long holds in the bent state crosslinkers detach from filaments
and reattach at new sites unstrained thus stabilizing the bend configuration. This exper-
iment has inspired additional theoretical research extending the worm-like bundle model
to include detachable crosslinks. With refinement of the optical tweezers system and
substantial improvement of the bead-bundle-bead system yield, experiments are possi-
ble to test further predictions. Monitoring the force while bending and observe stress
relaxation in its time course may provide exciting insight to the dynamics of crosslinked
bundles on long time scales.
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4 Bundle mechanics in the frequency
domain
In the experiments presented before, I have investigated the response of actin bundles
after the release from imposed deformation. Especially those probing filaments bundled
by depletion forces have shown some remarkable behavior. The change in response after
short and long holding time suggest intra-bundle relaxation mechanisms on time scales
that allow for using methods that probe the mechanics in the frequency domain – active
rheology. Classical rheology probes the mechanical response of matter to deformation on
different time scales. When probing the mechanics under different frequencies, distinct
mechanisms that dominate the mechanic behavior of such systems at these frequencies
can be singled out.
Measurements on the mechanics of actin in bundles are mostly limited to observation of
thermal undulations. In order to perform bundle rheology a method needs to be devised
that can deform bundles at a large range of frequencies allowing for measurements of the
bending stiffness at those frequencies. In doing so the effects of intra-bundle dissipation
can be elucidated. On the other hand, if non-specific bundling can be considered to
act like protein crosslinkers, the worm-like bundle theory presented in section 1.2 makes
contrasting predictions.
In the following section I will introduce the theory of elasto-hydrodynamics that can
be used to infer the mechanics of bundles that are driven in an oscillatory fashion be-
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fore presenting details on the bundle formation and sample preparation process. The
experimental procedure section describes how the experiments are performed and the
process of image detection. Results of wiggling bundles of two different configurations
are garnered before this chapter is wrapped up by discussing the results and an outlook
to future promising experiments.
4.1 Bundle wiggling – the method
At the turn of the millennium Riveline et al. (1997) used an optical tweezers system to
measure the bending stiffness of actin filaments in oscillatory flow. Wiggins et al. (1998)
provided the theoretical framework for elastic rods under the influence hydrodynamic
drag which will be introduced in the following.
Starting with the bending energy of a worm-like chain (see also equation (1.5), for





s = 0 s = L







where κ denotes the bending stiffness and K the curvature which can be expressed as1
K = yxx(1 + y2x)
. (4.2)
The functional derivative of equation (4.1) with respect to the contour yields a restorative









In the weakly-bending rod limit and for small deformations the tangent, t̂, and normal, n̂,
unit vectors can be approximated by the unit vectors êx and êy, and the force linearized
to
fbend = −κyxxxxêy. (4.4)
1In the following subscripts denote partial derivatives with respect to the subscripted variable.
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Since these experiments take place at low Reynolds numbers this force is balanced by
the hydrodynamic drag. With the background velocity u of the surrounding fluid, the
drag normal and tangential to the long axis it is determined to
fdrag = ζ(n̂n̂ + βt̂t̂) · (rt − u), (4.5)
where the friction coefficient ζ for movement of a long slender cylinder with the aspect
ration diameter d divided by length L perpendicular to its long axis through a medium
of viscosity η is given as
ζ = 4πηln(L/d) + 2 ln 2− 1/2 . (4.6)
β gives the ratio of tangential and normal friction coefficient. Equation (4.5) can also
be approximated with the above restrictions to
fdrag = ζ(yt − u)êy. (4.7)
The equation of motion for a filament slightly deformed by hydrodynamic flow normal
to its contour at a velocity of u now reads
ζ(yt − u) = −κyxxxx. (4.8)
Now, the equation of motion shall be solved. The distance along the filament is rescaled











It sets the scale on which the displacement of the filament enforced by hydrodynamic
driving decays. Using η = x/lω and a product ansatz the solution to the equation of
motion is written as





where h needs to satisfy the differential equation
ih = −hηηηη (4.11)






with z0 = e−iπ/8.
Boundary conditions2 can be used to calculate the cj which ultimately also depend
on the ratio of the filament length L and the hydrodynamic length lω. If driven at one
2A first derivative with respect to x represent the inclination of the filament, the second derivative its
curvature (which is proportional to the bending moment acting in this point) and the third derivative
the change in curvature (which would be proportional to shear stress in beams).
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end – the case that is explicitly given by Wiggins et al. (1998) – the position at x = 0 is
enforced without torque such that
y(0) = y0 cos(ωt) (4.13)
and yxx(0) = 0.
This condition is also referred to as hinged. On the other end the filament is free and
the free end boundary conditions apply
yxx(L) = 0 (4.14)
and yxxx(L) = 0.
For long filaments, e.g. L lω, the coefficients cj must be such that h(η) is decaying,
i.e. exponents in (4.12) must not have a non-negative real part. It follows that c1 = c4 =
0. So the solution for a filament driven at one end therefore becomes
y(η, t) = y02
[
e−S̃η cos(C̃η − ωt) + e−C̃η cos(S̃η + ωt)
]
(4.15)
with C̃ = cos(π/8) ' 0.92
and S̃ = sin(π/8) ' 0.38.
The solution consists of two waves – one slowly decaying one to higher η and a more
quickly decaying one towards η = 0. The former may be thought of as being generated
by driving the filaments end and it moves away from its source. The latter would now
be the part that is reflected back by the surrounding medium.
Figure 4.2 represents this solution for a semi-infinite filament. For clarity, the time
evolution of one particular point on the contour is emphasized in red. The whole contour
at one particular time is marked in blue. lω governs the decay in amplitude. One can
also see the wave propagation as a ridge – the crest is moving to increasing x and time.
The angle of this ridge is also governed by lω and its ratio with the frequency.
For my experiments, however, also another configuration of boundary conditions is
needed that the solution needs to be adapted to3. In those, the bead for manipulating
the filament or bundles is not attached at an end but rather somewhere in the middle
of a very long filament or bundle.
When the filament is driven in its middle, it is now longer free of torque. Instead now
the inclination, i.e. first derivative of the excursion y, is zero, yx(0) = 0. For h(η) from
equation (4.12) follows
h(0) = 1 = c2 + c3 (4.16)
and hη(0) = 0 = −c2 − ic3 (4.17)
and
h(η) = 11 + ie
−(C̃−iS̃)η + 11− ie
−(iC̃+S̃)η. (4.18)
3Here, I am indebted to Jens Glaser who corrected my starting point for this calculation.
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Figure 4.2: Contour evolution of driven filament. Portrayed is the contour of a semi-
infinite filament over two periods of driving. Highlighted in blue ( ) is
the shape of the filament at one particular moment and in red ( ) the
time evolution at one particular point on the filament. lω governs the decay
of oscillation amplitude with respect to x as well as the angle of the ridge
(green, ) with respect to time.
Thus the solution describing one side of the contour of a filament driven in the middle
becomes









cos(S̃η + ωt) + sin(S̃η + ωt)
)}
, (4.20)
which seems less intuitive at first glance. Yet again there is a wave traveling away from
the excitation point and one being “reflected” back towards it. Both waves meet up in
the excitation point such that they always balance the inclination to zero.
In their experiments Riveline et al. (1997) managed to measure the bending stiffness
of single actin filaments. The measurements showed the validity of the worm-like chain
model for actin where the bending stiffness is a material property. Bundles of worm-like
chains, however, can show a much more complex behavior. One the one hand internal
relaxation mechanisms could decrease the bending stiffness at very low frequencies. On
the other hand, the worm-like bundle theory (detailed in section 1.2) predicts, there is
a regime where crosslinking dominates the bending response of bundles.
In the next two sections I will present how bundles for such experiments are formed,
experiments performed and images analyzed in order to compare the contour line of
deformed bundles to the shapes predicted in equations (4.15) and (4.19).
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4.2 Bundle formation and sample preparation
For the bundle formation process I devised a new type of bundles with the aim of
simplifying the bead-bundle attachment process. Instead of using beads coated with
inactivated myosin (cf. section 3.1), now beads are used with streptavidin covalently
bound to them (Polysciences, Inc.). Together with its counterpart biotin it forms a highly
selective ligand-receptor bond with a very low dissociation constant (Voet and Voet
2011). Globular actin conjugated to biotin is also commercially available (Cytoskeleton,
Inc.).
Actin is polymerized at 5 µM in F-buffer (see appendix B.2) in the presence of rhodamine-
phalloidin overnight. Biotinylated G-actin is added to one tenth of the actin concen-
tration and subsequently incubated. Biotin-actin will be incorporated at the ends of
filaments that have already been formed. Beads are added for an additional incubation
period before the final solution is composed that dilutes the total actin concentration to
200 nM in the presence of 0.8% methyl cellulose as a bundling agent.
Sample chambers are assembled as described in section 3.1 without the large 6 µm
beads.
With respect to the sample solution used for the experiments in chapter 3 there is
more actin and hence more and sometimes thicker bundles. As opposed to the complex
experimental system relying on the simultaneous cooperation of two different species
of functionalized beads, actin bundles and cover slip coatings, the system required for
wiggling experiments is simplified in two important aspects. The linkage of beads to
actin is more reliable and only one bead attached to the bundle is needed. Due to the
decoration of filament ends with biotin actin these beads are often found at the ends of
bundles where they are used as handles to wiggle the filaments.
4.3 Bundle wiggling experiment
While wiggling filaments and bundles is impressive, meaningful image acquisition and
image analysis remain challenging tasks. In the following I will layout the internals of
the experimental control program and the bundle detection algorithm.
4.3.1 LabView VI for bundle wiggling
A LabView-VI has been programmed to control the experiment. It closely follows
design patterns called event-driven and producer-consumer loop. Parts of the program
are constantly reading out data from the camera or the analog digital converters – these
are the producers – and put them in a queue for further processing. The consumers
are processing elements from the queue one after the other – images are displayed or
quadrant photodiode data is normalized and saved to data files. User interaction leads
to the generation of events that make the program adjust parameters of either the data
acquisition by the producers or the handling of data by the consumers – images might
not only be displayed any longer but are also saved. This has the advantage of the
producer-consumer scheme lies in the fact that data can be gathered continuously into
70 Dan Strehle
4.3 Bundle wiggling experiment
working memory and is only processed and saved when enough processing time is left
without running the risk of missing data.
When a suitable bead-bundle system has been found, wiggling parameters such as an-
gle of bead driving, frequency and amplitude are selected. There is also the possibility
to run a full series of wiggles with changing frequencies and amplitudes. Internally, a
challenge is to synchronize bead driving using the acousto-optical deflectors, the acqui-
sition of images during defined periods of the continuous driving and the acquisition of
quadrant photodiode data. In order to achieve this synchronization all data acquisition
is suspended. Now the data queues are emptied or acquisition is rerouted to queues that
are dedicated to data saving. After the hardware has been configured using the syn-
chronization library introduced in section 2.3 the voltage control for the acousto-optical
deflectors, the clock triggering video capture and the quadrant photodiode acquisition
are restarted.
Figure 4.3 presents half a period of a bundle wiggled at 0.7Hz. Since its image analysis







Figure 4.3: Time lapse of wiggled bundle. Shown are 11 images representing half a period
of a bundle wiggled at 0.7Hz. The diameter of the bead is 2 µm.
4.3.2 Wiggling images to wiggle data
In the context of bundle wiggling, as a first step the image is rotated such that the
driving is in y-direction and the undisturbed bundle contour in x before it is cropped
to a width corresponding to the largest anticipated amplitude (see figure 4.4 a). Then
a filter is applied marginally smoothing in x-direction. In y-direction it serves booth as
a Gaussian averaging filter and as a line enhancing filter emphasizing horizontal lines
(panel b). Now the maximum of every profile in y is found and dilated in x (panels c
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and d). The largest continuous structure is selected and dilated in y-direction (panel e).
This mask is used to select the part of the y-profiles close to the maximum. A parabola






Figure 4.4: Bundle detection for analysis of wiggling images. (a) The raw image is ro-
tated and cropped before (b) a smoothing and edge enhancing filter is ap-
plied. Along each profile in y the maximum intensity is found (c) and dilated
in x (d). The largest continuous region is selected and dilated in y (e) to
serve as a mask for the parts of the y-profiles to include into the center fitting
routine.
Figure 4.5 a depicts the found bundle positions in a similar way as figure 4.2. Eminent
are spikes from noisy bundle recognition especially in the bead vicinity. Furthermore,
bundles are not always aligned orthogonal to the driving direction for all their length.
Only bundles that are orthogonal where they show substantial oscillations are included
for further analysis.
In a second step a band pass filter is applied to the data isolating oscillatory bundle
movement with the driving frequency. Random contributions from thermal undulations
are thus filtered out, as are poor bundle detections. Except for the first and the last
period oscillations are now around the amplitude 0 (see figure 4.5 b) and can be used for
fitting to equations (4.15) or (4.19) with η = x/lω, which is done either for all periods
separately or with all periods averaged before fitting.
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Figure 4.5: Wiggling bundle position data. The upper panel (a) shows the amplitude
of y-movement with respect to its point along the bundle. The bead that is
driving the bundle is near position x = 27 µm. On the far side of the bead
there is no bundle. It is also visible that the bundle has a non-zero average
inclination at a distance from the bead. Bundles that are not orthogonal to
driving near the bead are excluded from further analysis. Panel (b) shows
the data after band passing. The first and the last period need to be excluded
from lω-fitting because of the border effects of filtering.
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4.4 Bundle wiggling – Results
Having presented how one specific hydrodynamic length is extracted I will now present
the results of the wiggling experiments. These are performed either with the bead at one
end of the filament (section 4.4.1) or later also with a bundle that is part of a giant bundle
network (section 4.4.3). Bundle thickness is again a wound spot in these experiments
since it is not directly accessible for each individual bundle – a challenge that I overcome
by gradually merging more bundles onto the one just measured (section 4.4.2).
4.4.1 Bead at end
For these experiments a bundle with a bead attached at its end is found and the bead
trapped. After the angle of bead driving is adjusted the bundle is subjected to excitation
at frequencies spanning almost two orders of magnitude ranging from 0.04Hz to 2.5Hz.
It is limited by the sensitivity of the camera on the one hand. 50ms is the minimal
exposure time that already extends over one fifth of one period at 4Hz. The other limit
is set by sample degradation by e.g. photobleaching. 0.04Hz already corresponds to an
oscillation period of 25 s and several periods are needed to minimize transient effects.
At these timescales the wiggle amplitude can propagate well outside the field of view
especially for stiff bundles.
Choosing the amplitude in order to achieve acceptable image detection later on and
not introducing artifacts through large longitudinal motion of the bundle is a trade-off.
Figure 4.6 shows that bundles exhibit a plateau of hydrodynamic length for a range
of amplitudes. A second bundle can be seen with visible motion along its axis due to
a loop at the bundle. This and the elevated driving amplitude results in a decreasing
hydrodynamic length with increasing amplitude.
A standard set of frequencies and corresponding driving amplitudes was therefor cho-
sen when comparing the response of different bundles. In figure 4.7 a the hydrodynamic
length is presented with respect to the driving frequency. It shows the ω−1/4-behavior





= l4ω · ω (4.21)
and regarded with respect to the driving frequency (see figure 4.7 b). Most bundles
exhibit a constant rigidity as is the basic assumption of the worm-like chain model.
For comparison, a bundle of 50 tightly crosslinked filaments in a medium of viscosity
η = 50mPa s will have κeff ∼ 1.5× 10−19 Jm/Pa s (Shin et al. 2004b).
Yet, few rather thick bundles also show softening at very low frequencies, indicating
stress-relaxation mechanisms unaccounted for by the worm-like chain model. Possibly,
the bundle cohesiveness is rather week allowing for interfilament sliding.
Most bundles do not change their behavior which is exemplified by driving a bundle
constantly at one frequency for 10min (see figure 4.8). In one instance a sudden softening
of the bundle propagating from the driving bead was observed.
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Figure 4.6: Hydrodynamic length and driving amplitude. (a) Choosing a driving ampli-
tude is a trade-off in between higher amplitudes to facilitate image detection
and fidelity to the elastohydrodynamic theory which assumes no motion and
no tension along the filament axis. Especially with inhomogeneous bundles,
such as the one with the loop, a markedly strong dependence of the appar-
ent hydrodynamic length is observed. (b) The bundle with the loop clearly
has a motion component along its axis changing the apparent hydrodynamic
length.
A few bundles have also been subjected to a temperature variation. However, within
a limited range of 26 ◦C to 33 ◦C they have not shown any deviation from their behavior
at room temperature. During the temperature cycle the bundle is constantly measured
at only 2 frequencies in an intermediate regime. This limits the time needed for one
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Figure 4.7: Hydrodynamic length and persistence length. Wiggling bundles with a bead
attached to their ends typically shows a ∝ ω−1/4-dependence (a) which trans-
lates in a constant bending stiffness (b). Few bundles, however, also show a
softening behavior towards low frequencies.
measurement of the hydrodynamic length. However, thermal expansion demands con-
stant focus adaption. The resulting hydro-dynamic lengths show a large variation – in
consequence obscuring any possible trend. Figure 4.9 summarizes the results.
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Figure 4.8: Hydrodynamic length during extended wiggling. Here, every wiggle period
is fitted separately and error bars designate confidence intervals returned by
the fitting routine. Towards the end of the observation period values be-
come sparser and errors larger due to increased difficulty of detecting fainter
bundles. There is no overall tendency to diverge from the average value.
4.4.2 Wiggling bundled bundles
Since bundle thickness cannot be determined on an individual basis I have conceived of
a method for attaining increasingly thick bundles. After one series of measurements has
been done the bead and bundle is dragged through the sample close to another bundle
without a bead attached. When close enough both bundles zip up – they merge (for an
example see figure 4.10). Care must be taken not to introduce loops into the enlarged
structure. Now a second series of measurements can be performed and after having
gathered and merged more bundles even another series.
When the bundle is made thicker it stiffens. However, the stiffness is no longer a con-
stant. Instead it gradually increases when lower frequencies are probed (see figure 4.11).
This is in contrast to some of a priori-thick bundles that showed softening behavior
for low frequencies – and rather counter-intuitive. However, when probing a bundle at
different frequencies, it is also probed at different length scales governed by the hydro-
dynamic length. For thicker, stiffer bundles the length scale on which they are probed is
extended and this behavior translates into a higher bending stiffness for longer bending
modes.
4.4.3 Thick bundles connected to networks
Non-trivial frequency dependencies of the hydrodynamic length scale are predominantly
observed with thickened bundles with a bead handle attached to their ends. Thicker
bundles can also be attained by doubling the actin concentration and the incubation
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Figure 4.9: Hydrodynamic length and temperature. The hydrodynamic length is mea-
sured at two frequencies during a temperature ramp and subsequent cooling
back to room temperature. No clear influence on the hydrodynamic length
can be observed in this temperature regime.
time before sample assembly.
Thick bundle networks form where individual bundles can easily span several field
of views – more than 100 µm. A bundle with bead attached far from any network
junctions is probed in these experiments. Instead of the hinged solution the clamped
one, equation (4.19), is used to infer the hydrodynamic length scale and the bending
stiffness, since the bead is now in the middle of a bundle.
In figure 4.12 results are presented. However, in these cases the hydrodynamic length
follows the ω− 14 -proportionality and the calculated effective bending stiffness is constant
over the frequency regime. Using a drag coefficient of 0mPa s this is comparable to the
bending stiffness of 1 individual filaments or 1 fully crosslinked ones.
4.5 Frequency-dependent elastic response of bundles –
Discussion
Actively determining the bending stiffness of semi-flexible filaments has rarely been
done. Direct measurements of stress-strain relationships for microscopic beams for which
thermal forces alone lead to significant deflections are obscured by exactly these thermal
forces.
It is possible to probe microtubules e.g. with a micro pipette since their persistence
length is considerably longer then their contour length and they are considered rather
stiff. On the other side of the spectrum, DNA is a much more flexible polymer that
would mostly coil up and reacts as an entropic spring to compression and tension which
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Figure 4.10: Time lapse of zipping process. Bundles can be thickened by merging them
with other bundles. This can be done by dragging the bundle with the
optically trapped bead into the vicinity of free floating bundles.
can also be measured using e.g. the cantilever of an atomic force microscope.
In the realm of flexible polymers the worm-like chain theory has facilitated to infer the
bending stiffness by the observation of thermal motion, e.g. by observing the end-to-end
distances or motion lateral to the polymer axis. This theory, however, treats the filament
as a line with a bending stiffness as a material constant. Even though actin’s coiled-coil
structure is more complex, it has obeyed this theory. Microtubules on the other hand
form hollow cylinders made up from protofilaments aligned side by side leading to an
anisotropic elasticity (Schaap et al. 2006). There has been growing evidence that the
model is no longer valid and the bending stiffness is length dependent (Pampaloni et al.
2006; Taute et al. 2008).
These passive methods are mostly capable of measuring these structures on their
total length. For higher modes – i.e.representing the mechanics of integer parts of the
total length – they must rely on thermal motion of the surroundings to induce such
fluctuations. Commonly they are much smaller in scale.
Wiggling method
Wiggling filaments had been introduced as a method to actively measure the stiffness
of filaments by Riveline et al. (1997). The theory of elasto-hydrodynamics serves as a
framework to infer the bending stiffness from the shape of an actively driven filament
(Wiggins et al. 1998). Based on the equation of motion of a worm-like chain under the
viscous influence of an oscillating fluid field the resulting contour is described. The main
parameter is the hydrodynamic length that describes the length scale on which bending
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Figure 4.11: Rheological response of thickened bundle. (a) With more and more bundles
merged the bending stiffness increases. At the same time it stiffens markedly
for lower frequencies. (b) This counter-intuitive behavior looses some of its
enigma when instead looking at the bending stiffness with respect to the
hydrodynamic length. While probing the bundle with different frequencies,
the length scale on which the bundle is deformed changes. This translates
into a higher bending stiffness for longer deformation modes probed.
stiffness and viscous drag compete (see equation (4.9)). This quantity can be directly
inferred from the shape of driven filaments.
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Figure 4.12: Hydrodynamic length and effective bending stiffness for thick, middle
driven bundles. Generally, the hydrodynamic length lω shows the ω−1/4-
dependency that corresponds to the bundles as behaving like a worm-like
chain. Few bundle, however, also show softening at low frequencies.
I have adapted this method to the measurement of actin bundles. Amplitudes of the
lateral displacement need to be small in order for the assumptions of the theory to be
valid. They decay quickly with the distance to the bead that is driving the filament
where they are quickly masked by thermal motion of the bundle. Increasing the driving
amplitude for a higher signal has to be traded off with less fidelity to the model as motion
parallel to the filament axis becomes important (cf. figure 4.6).
Successful image detection will have an error that is smaller that the thermal motion.
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By filtering the data in time with a band pass the effect of thermal motion on the
signal is reduced and only contributions with the excitation frequency are considered
(see figure 4.5). Besides random thermal motion there should be no contributions from
other frequencies once transients effects have diminished.
The method is robust in the sense that bundles probed for an extended period of 600 s
do not show changing behavior. In one notable exception, the softening of the bundle
can be observed propagating away from the driving bead. Its origin, however, remains
unclear. Possibly, it is a restructuring event or defect introduced by the deformation
that extends its reach along the bundle.
Also the effect of temperature has been studied for a small temperature range of 7K.
Bundles have shown no reaction that would indicate a clear trend. It may, however be
worthwhile to repeat this experiment also at temperatures below room temperature since,
e.g., the glassy worm-like chain model predicts a substantial temperature dependence for
actin structures (Kroy and Glaser 2007).
Rheology
This method has been established with the aim of measuring the frequency-dependent
mechanics of actin bundles – to rheologically characterize these bundles. In analogy to
classic bulk rheology it promises to separate different contributions that dominated the
mechanical response in a range of different frequencies. The accessible range is limited
by the sensitivity of the camera on the one side and sample degradation through e.g.
photobleaching on the other side. For stiff bundles at low frequencies the excitation also
propagates well outside the observable area.
Bundles are measured at frequencies that are roughly logarithmically spaced in the
range of 0.04Hz to 2.5Hz. The elastohydrodynamic theory predicts an dependence of
the hydrodynamic length on the frequency of lω ∝ ω−1/4 based on a scaling argument
that relates bending and drag forces of the filament or bundle.
Many bundles obey this prediction (cf. figure 4.7 a and 4.12). This in turn means
that they can be described as worm-like chains and their bending stiffness is a material
property. They show the same mechanical response at all accessible frequencies.
However, some bundles show differing behavior at very low frequencies that is not
expected by the worm-like chain theory. Beginning at low frequencies corresponding
to oscillation periods larger than 5 s bundles seem to become softer and softer. This
concurs with the intuitive understanding of viscoelastic materials. When strained these
material will release the stress with time. When probed with high frequencies they
appear stiffer since there is no time to release the stress. Conversely, when probed at
very low frequencies stress can be relaxed through the restructuring of the material.
Together with data acquired in the time-domain experiments (cf. section 3.3.3) this
strongly suggest internal relaxation mechanisms. At these low frequencies and long time
scales, respectively, individual filaments in these bundles are able to slide against each
other. In the spirit of the worm-like bundle theory the contribution of crosslinking to the
bending stiffness decreases and the bundles appear softer. It appears that cohesiveness
in these bundles is less pronounced under these circumstances.
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Composite bundles
In order to probe even thicker bundles I have developed a method of joining bundles for
further measurements. Using the optical tweezers a bead with a bundle already attached
is brought near another freely floating one. When they are close enough together they
start zipping up and merge, a process that can be repeated numerous times.
These bundles show a remarkable mechanic response when probed at different frequen-
cies. When still comparatively thin, the hydrodynamic length follows the frequency de-
pendence lω ∝ ω−1/4. However, after several thickening steps this behavior changes. Now,
the bundles appear to be stiffer at lower frequencies than at higher (see figure 4.11 a).
This is in stark contrast to responses typically seen in rheological measurements where
samples tend to react more compliant at low frequencies or longer time scales.
To explain this counter-intuitive behavior this data is presented as bending stiffness
with respect to the hydrodynamic length in figure 4.11 b. The hydrodynamic length lω
sets the length scale over which the bending of the driven bundle decays. One lω away
from the driving point the amplitude of oscillation is already attenuated to 1/5. Having a
closer look on the bundle contour (cf. figure 4.2, blue), the wave length of the oscillation
in space is on the order of 3 to 3.5 lω. The hydrodynamic length also sets the mode
length at which the bundle is deformed.
With the worm-like bundle theory in mind, the fact that bundles appear stiffer at lower
frequencies is not so surprising anymore. Rather, it should be said that bundles appear
stiffer at longer lengths – which puts the bundles into the regime where crosslinking
dominates the bending response. In this regime the stiffness of the relevant bending
modes is predicted to scale with the wave vector as κn ∝ q−2n (cf. section 1.2.2). In the
wiggling case predominantly one mode with a wave length of q−1 ∝ lω is excited. The
effective bending stiffness is no longer a constant but relates to the hydrodynamic length
as κeff ∝ l2ω (figure 4.11) or, conversely, to the frequency as κeff ∝ ω
−1/2.
It has been shown that microtubules also exhibit a length-dependent bending stiffness
(Pampaloni et al. 2006; Taute et al. 2008). Microtubules, though for long treated as
filaments, can also be regarded as bundles of protofilaments that form a cylindrical
shell. In this experiment, I have shown that actin bundles can exhibit a very similar
behavior that can be explained in the framework of the worm-like bundle theory.
Networking bundles
Composite bundles that show the worm-like bundle specific behavior are rather thick
when compared to individual bundles. Thicker bundles can also be formed by doubling
actin concentration in the sample. However, these bundles show standard worm-like
chain behavior with respect to frequency or hydrodynamic length (cf. figure 4.12). Two
mechanisms can be imagined that lead to different mechanical responses for both types
of bundles. For one, the bundles formed at higher actin concentration are no longer
individual filaments. Instead, most are part of a giant bundle network. In between
junctions the bundles are straight for several fields of view. They seem to be under
tension. The question poses itself, the experiment is still probing the response of the
bundles to bending and not rather their response to extension. Wiggins et al. (1998) note
that contributions from tension lead to higher orders in curvature than the contributions
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from bending stiffness and are thus omitted when linearizing the equation of motion
(equation (4.8)). Tension therefore needs to be substantial in order to affect bending.
This is in contrast to the equation of motion for overdamped inextensible rod given by
Obermayer and Hallatschek (2007). For the transverse displacement of an inextensible
rod under tension f|| it is given as
ζyt = −κyxxxx + f||yxx. (4.22)
With the same ansatz as in equation (4.10) the reduced differential equation (4.11) now
reads




A crude dimensional analysis yields the result that the tension becomes important when
it is no longer much smaller than f|| 
√
κωζ. Using numbers from the experiments this
would be on the order of ∼ 100 pN.
The other mechanism may lie in the history of bundle formation and its effect on the
bundle structure. Bundles that form by adding individual filaments will most likely have
a more homogeneous structure that responds in a way more similar to that of a continuum
structure. Bundles of bundles, however, may not be as closely packed. Even if each
bundle by itself behaves like a worm-like chain, the type of interaction in between bundles
shifts the bundle-bundle’s mechanical response right into the crosslinking dominated
regime.
Conclusion
This method facilitates the frequency and thus length-scale dependent mechanical prob-
ing of semi-flexible bundles. It has been shown that most actin filament bundles exhibit
the behavior expected from worm-like chains. Yet, some bundles clearly show differing
behavior. On the one side there are bundles that soften at low frequencies hinting at
internal stress relaxation through relative sliding of filaments.
On the other hand, bundles of bundles show – at first glance surprising – stiffening
for low frequencies. When contemplating that probing at low frequencies means probing
at long lengths this reconciles with the worm-like bundle theory. Here, bundles are in a
regime where cross-linking interactions dominate the response to bending.
If such simple systems – bundles of actin filaments – already exhibit such complex
mechanical behavior, it is not surprising, that the response of a system as complex as a
living cell has not been fully understood from its constituents. Even less, if already these
simple bundles have the tendency to form intricate structures when they are amassed.
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Probing the mechanics of individual bundles, the experiments are performed with an
actin concentration on the order of ∼ 100 nM. This is substantially more dilute than
the concentration used for in vitro assays studying e.g. network rheology. Common
concentrations here are in the range of several to several tens of µM which compares
to physiological concentrations of ∼ 100 µM. When introducing either crosslinkers or
non-specific bundling agents at these concentrations actin forms crosslinked filament or
bundle networks. In figure 5.1 bundle networks are depicted that have been formed by
such unspecific bundling agents.
5.1 Actin condensation in confined environments –
The experiment
Studying the transition from actin filaments to bundles in micro droplets we have ob-
served a novel state with regular structures (Huber et al. 2012). An actin solution
containing bundling agents – such as methyl cellulose or multivalent ions – is deposited
with a micro pipette onto a passivated cover glass beneath an oil layer. Having al-
lowed for polymerization some of the oil is removed and water in the droplet evaporates
through the oil layer. In consequence, the concentration of the bundling agent is raised,
eventually passing the threshold at which attractive interactions in between filaments
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Figure 5.1: Actin bundle networks formed by mixing. Polymerized actin mixed with
multivalent ion Mg2+ (a), depletion agent polyethylene glycol (b) or bovine
serum albumin (c) forms extended, unordered bundle networks (Images
F. Huber).






Figure 5.2: Experimental procedure of pattern formation experiments. Using a micro
pipette an actin solution is deposited onto a coated cover slip beneath an
oil layer and allowed to polymerize. Then oil is removed and water can
evaporated from the droplet by diffusion through the remaining oil thereby
raising the concentration of bundling agent. When the bundling threshold is
passed actin bundle patterns rapidly form (adapted from (Huber 2011)).
Depending on the actin concentration, aster or ladder-like patterns form, or micro-
phase separation occurs (see figure 5.3). The separation of nematic regions of higher
density and regions of lower density in the latter case can be understood from classical
liquid crystal theory. For a high concentration of particles of high aspect ratio, their
large excluded volume leads to a reduction of rotational entropy in favor for positional
entropy. Regions with aligned particles and high density phase separate from isotropic
regions with low density (Onsager 1949; DeGennes and Prost 1995). It may also be
argued that ladder-like structures resemble smectic layers aligning the centers of mass
of parallel bundles of similar length. Yet the structured, quasi-isotropic morphology of
aster-like structures remains enigmatic. Their universal appearance – without regard
to the bundling agents used – and its long term stability – over days – suggests that
it represents meta-stable, kinetically trapped low-energy state if not even a hitherto
unknown phase.
Further experiments show that filament orientation prior to bundling impacts the re-
sulting patterns. E.g., by removing as much oil as is needed for the droplet tip to be
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Figure 5.3: Pattern formation experiments. All three types are shown. At low actin
concentrations aster-like bundle networks form (a). For intermediate actin
concentration ladder-like stripes appear (b) where as for high concentrations
microphase separation occurs (c) (images F. Huber).
exposed to air, rapid evaporation is elicited until the droplet is covered by oil again.
The induced flow pre-aligns filaments and pattern formation is driven from aster-like
to ladder-like morphologies. This concurs with the notion that at intermediate concen-
tration, which is still below the critical concentration for the nematic transition, actin
filaments are partially aligned (Helfer et al. 2005).
Alignment is also induced by the proximity of a boundary. In very small droplets
boundary effects seem to dominate the structure completely whereas in bigger ones the
influence of the boundary decays with increasing distance (see figure 5.4). Deshpande
and Pfohl (2012) have conceived of a microfluidic device that facilitates the investigation
of arbitrary shapes. Their experiments also feature an alignment of bundles that cor-
responds to the alignment of confining borders. Fisher and Kuo (2009) argue that due
to their stiffness actin filaments are depleted near boundaries. This would mean that
locally the concentration of filaments aligned in parallel to the border is higher – they
are effectively pre-aligned.
Reference measurements where samples are prepared with bundling agents above the
threshold concentration exhibit irregular bundle network structures. During the prepa-
ration polymerized filaments are constantly subjected to shear flows, e.g. when being
pipetted onto the observation slide. It seems, however, that the absence of mechanical
agitation before and when passing the bundling threshold – the way it is realized by the
micro-droplet evaporation setup – is required to form aster and ladder-like structures.
Still the formation of aster-like bundle networks is puzzling when compared to bundle
networks formed in bulk solution on the one hand and its failure to reach an nematic
ordering on the other hand. We speculate that these patterns solely arise from lateral
condensation of initially homogeneously distributed actin filaments upon passing the
bundling threshold. Interactions at aster-centers or in ladders freeze the system in this
state. In order to gain a qualitative understanding of the validity of this mechanism I
pursued a simulation approach.
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Figure 5.4: Pattern formation with confinement effects. The boundaries of the confine-
ment are reproduced by the alignment of bundles close to the border. For
extremely small droplets (a,c) it dominates the pattern whereas in larger
ones (b) it is constraint to an area close to the border. Ladder-like patterns
arise perpendicular to the walls. This is not limited to round confinements
as can be seen in square chambers (d, adapted from (Deshpande and Pfohl
2012)). (Images a, b and c F. Huber )
5.2 Simulating filament condensation
On this scale a molecular dynamics perspective seems reasonable that coarse-grains actin
filaments to segmented elastic beams. In molecular dynamics simulations all particles
of the system are modeled individually. For the simulation of gases, e.g., interactions
are computed on a pairwise basis using potentials such as the Lennard-Jones-Potential.
Once acting forces are known the equations of motion are solved. Moving on to more
elaborated systems containing biomolecules the individual particles can be far more
complex. A common way to simulate proteins is to reduce their complexity to a chain
of balls. Polar groups are assigned a (partial) charge and interactions including the
intra-molecular ones are calculated.
In our first approach Florian Huber implemented such a system (Huber 2011). Actin
filaments were modeled as a chain of nodes with flexural rigidity. A second ingredient
to the model is a lateral interaction in between filament segments. Besides their mu-
tual distance their angle is considered, modifying the resulting force such that parallel
filaments interact substantially stronger than perpendicular ones.
Purely repulsive potentials lead to the formation of nematic patterns (figure 5.5 a).
In contrast, a short-ranged attraction potential aggregates bundles and forms a bundle
based network (figure 5.5 b). These simulations, however, are very limited by compu-
88 Dan Strehle
5.2 Simulating filament condensation
tational capacity. Relevant forces are calculated sequentially without room for massive
parallelization within the chosen programming language (MatLab). The simulation for
figure 5.5 used 800 filaments and the formed bundles are rarely larger than 4 filaments
without reaching a steady state.
(a)
t = 0 no steady state
(b)
t = 0 no steady state
Figure 5.5: Aster formation simulation using a molecular dynamics approach. (a) Re-
pulsive filament-filament interaction potentials lead to nematic ordering.
(b) Employing attractive potentials filaments aggregate and form bundle
networks. This approach, however, fails to reproduce the characteristic ex-
perimental patterns, due to the systems limit in size and time (Huber 2011)
.
A computational distinct approach is to calculate the complete force-field that is
generated by the nodes in one pass. If these nodes happen to be on points on a grid,
powerful convolution algorithms as used in image processing can be applied.
In this simulation, I forfeit any information of individual, continuous filaments. In-
stead, filaments are represented as an actin density on a grid in two spatial dimensions.
A third dimension now represents their orientation (cf. figure 5.6 a). The response to
forces is no longer calculated as a displacement. Rather, mass is shifted from one grid
point to the neighboring ones leading to a new density field for the next iteration. In
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Figure 5.6: Representation of actin. (a) In the simulation actin is not only represented
by mass on a given position. Rather, its angular orientation is represented
by the third dimension of the grid. (b) The angular distribution of actin on
one grid point is manipulated in order to pre-align actin.
5.2.1 Implementation details
Parameters of rho, initialization
The simulation space spans L pixels in x and y-direction as well as a number of angular
discretizations Nθ in the (periodic) θ-direction. The amount of actin at a certain position
(x, y) is thus additionally characterized by a density distribution ρ(θ). This also means
that actin of different orientation can coexist at the same spot.
In order to initialize the actin distribution the simulation space that spans L×L×Nθ is
seeded with an initial density and an amount of fluctuation in order to break symmetry of
the starting conditions. This way, the width of the density distribution can be regulated.
At each position (x, y) the sum of the seed density along θ is normalized to the initial
density ρ0 such that ρ0 =
∑Nθ
i=1 ρ(θi). Each seed is considered the center of mass of a
filament that at is extended in a straight way for l0 pixels. This is achieved by convolving
the seed density in each θ-layer with a sample filament rotated accordingly using periodic
boundary conditions. Pre-alignment of filaments is accomplished by manipulating the
seed density. Before its normalization the density is elevated in the desired θ-planes (see
figure 5.6 b).
Besides periodic boundary conditions the program also provides a number of confined
geometries – circular, triangular and square. In this case the seed density is established
as before. Seeds that are close to the border and would penetrate it upon extension
to filaments are removed before the convolution with the sample filament. As a result
the boundary zone is depleted of mass in θ-layers with a steep angle to the boundary.
In essence, this is a realization of the boundary depletion observed by Fisher and Kuo
(2009).
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Parameters of force-field kernel
Experimental access to filament-filament or filament-bundle interaction energy is chal-
lenging (see section 1.3). However, various models exist calculating or simulating not
only the interaction energy but also mapping the potential landscape with respect to
spatial or angular distances (Fazli and Golestanian 2007; Lee et al. 2004; Hosek and Tang
2004). Here, the qualitative characteristics are used to define the force-field kernels. Ex-
ponential decays are chosen for their simplicity and lack of singularities. Translational
and rotational interactions, which correspond to mass shifts in x, y- and θ-directions,
respectively, are calculated separately.
Filament interaction is assumed to exert forces that do not explicitly induce filament
sliding. Therefore, the translational part of the force-field kernel is always directed
normal to the orientation axis θ0 of the kernel’s center point. The force between two
grid points representing parallel actin (i.e. on the same θ-layer) of distance r declines
exponentially with r′ and is additionally attenuated by sin(φ− θ0), where φ is the angle
in between the line connecting the two grid points and the y-axis (figure 5.7 a). This
part of the force kernel leads to bundling of mass that is parallel. In addition to a purely
orthogonal component it extends in lobes in order to facilitate zipping that would arise
from the bending stiffness of continuous filaments. In the actual implementation the
function
F (r, φ) = − exp(−r/r′) ∗ sin(φ− θ0), (5.1)
where r and φ are polar coordinates with the center of the kernel as origin, is evaluated
at the grid points. Any residual magnitude at a distance r larger than the radius of the









Figure 5.7: Illustration of the force-field kernels for θ0 = π2 . (a) The translational force-
field kernel represents forces in between parallel “filaments”, whereas (b)
the rotational kernel leads to mass shifts that turn “filaments”. Only the
neighboring θ-planes are shown.
The rotational part of the force-field kernel is always directed towards the center layer
of the kernel at θ0. If mass is shifted from one θ-layer to the next it is effectively rotated.
A force towards the center of the kernel therefor aligns material with the direction θ0. In
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θ-direction the magnitude decreases exponentially with θ′. In x, y-direction it extends
two lobes in alignment with θ0 (Figure 5.7 b). The actual implementation uses













For each θ0 the force-field kernels are rotated to reflect the orientation of the center
element. This yields Nθ kernels for each translation and rotation.
Iterations
The total force-field is calculated by performing convolutions of the force-field kernel
with the density. Circular padding – the continuation of the density field to the opposite
border of the simulation space – is applied to take into account the periodic nature of
angles as well as periodic boundary conditions. Each θ-layer within the unpadded region
is now fully convolved with the corresponding force-field kernels. Full convolution means
that additionally to the central θ-layer neighboring layers according to the kernel size
are computed. These need now to be summed up with the convolution matrices from
the remaining θ-layers shifted appropriately.
For the convolution powerful algorithms from image processing applications are em-
ployed. They make use of the convolution theorem (Gonzalez et al. 2004)
F(f(x, y) ? g(x, y)) = F(f(x, y)) · F(g(x, y)) (5.3)
where F denotes the Fourier transform. It states that the convolution ? of two functions
f and g representing in the present case the density and the force-field kernel can be
calculated by a simple multiplication in Fourier space. The detour into Fourier space
owes its advantage to the enormous efficiency of fast Fourier transforms (Russ 2009).
An update is performed by calculating the shift of one grid point according to the
force at this grid point and the friction coefficients defined for movement in x, y and
θ-direction. As a last step the density on the grid points is interpolated and serves as
the new density for the next iteration (see figure 5.8).
Visualization
For visualization purposes the density ρ(x, y, θ) is summed up along θ. With suitable
color-mapping (e.g. hot in MatLab) this closely resembles fluorescence images. This
way, however, information on the polarization is completely lost. A definition from
liquid crystal physics is used. The director is defined as the spatially and temporally
prevailing direction of elongated molecules (Doi and Edwards 1988). Its implementation
is not straightforward due to the periodic nature of angular measures. In order to average
along θ, ρ(θ) at one point (x, y) is converted into two sets of vectors of length ρ with
direction θi and θi + π. A principal component analysis (MathWorks 2013) rotates the
coordinate system such that variance of the projections of these vectors onto the first
axis is maximized. The unit vector of this axis is the sought-after director. Since it
aligns with the direction of aggregated “bundles” during the course of the simulation, in
the following only the density scaled to its maximum is presented.
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Figure 5.8: Flow chart representing work flow of actin pattern simulation. The mass
density representing actin concentration and orientation is convolved with
the force-field kernels that represent the force on a test “filament” segment.
The resulting force field is then used to compute the mass shift for updating
the mass density.
5.3 Simulation of filament condensation to bundle networks
In order to test the simulation three minimal scenarios are considered. As a first test
object two separated “filaments” are created and the system is allowed to iterate. As
expected they merge to one thicker “bundle” and evolution of the system ceases. As a
second test two “filaments” crossing each other are employed. They too start merging
from the crossing point eventually ending up as one bundle in the averaged direction.
A third test scenario is a “filament” that has an undulating shape. Keeping with the
intention of the bending force-field, it straightens out. Figure 5.9 shows snapshots from
the evolution of each scenario.
Due to the discretization of the force-field kernels and the density, “filaments”that are
not aligned with the grid axis are distributed onto neighboring grid points (cf. figure 5.9 a,
first panel). As an artifact, the initially smooth density distribution along a “filaments”
develops discontinuities. Its commencement can be discerned in figure 5.9 a, last panel.
Iterations are therefor aborted when morphological evolution has ceased.
Isotropically oriented actin
Simulations are performed with different angular discretizations, varying force-field ker-
nel sizes and “filament” lengths on a grid with periodic boundary conditions spanning
several such lengths. Over a wide range of parameters the simulations show aster struc-
tures (see figure 5.10 a and b). In fact, after already a few iterations aster structures are
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Figure 5.9: Time lapse of test scenarios. Pixels represent actual grid points and the in-
tensity is scaled to its maximum in each image. (a) Two parallel “filaments”
approach each other laterally and merge to one bundle. (b) Two “filaments”
crossing at an angle zip and eventually form one bundle aligned in an inter-
mediate direction. (c) One “filament” starts with a bent configuration and
straightens out.
already discernible when subtracting the mean value of the density. Also the director is
already aligning on the perimeter of future voids.
The size of these structures or the distance in between aster centers are predominantly
set by the size of the force-field kernel – the longer their reach, the more material is
collected into one bundle. The area in between bundles is subsequently emptied.
More interesting is the influence of initial density fluctuations. These can be set
by either increasing or decreasing the offset in the density initialization process or by
changing the “filament” length (cf. section 5.2.1). At high fluctuations aster centers
appear very sharp often resembling a crossing of bundles (figure 5.10 d) whereas at lower
fluctuations aster centers become more prominent as a meeting point for bundles from
different directions (panel e). Aster patterns also form when rotational motion – shifts
in θ-direction – are omitted. Here, voids in between asters are markedly round (see
figure 5.10 f).
Pre-oriented actin
Pre-aligning material within the simulation is done by augmenting the density in one
or two of the discrete θ-layers. Already raising the density in one layer by 10% is
enough for the initial density to evolve into parallel bundles pointing into this preferred
direction (see figure 5.10 c). In early iterations diffuse bands can be observed that bear
close resemblance diffuse bands bordering the ladder-like structures of the experiment
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5.4 Condensation drives pattern formation – Discussion
(cf. figure 5.3 b). In later iterations these bands disappear, masked by the high densities
of parallel bundles. The distance in between bundles is again predominantly set by the
extent of the force-field kernels. However, they keep evolving for an extended number of
iterations, i.e. bundles merge and branching points propagate (cf. figure 5.10 c, arrow).
Under confinement
Confinement is implemented by reflecting boundaries. The seed density for the initial-
ization is modified such that in the subsequent elongation of seeds to “filaments” only
filaments fitting within the boundaries are considered. This means that “filaments” are
depleted for up to half their length lowering the overall density close to the boundaries
(see figure 5.11, first panels). During the first iterations the shape of the confinement
is reproduced by the peripheral network. The distance in between the boundary and
peripheral ring is again set by the extent of the force-field kernels. Iterating further,
the process is repeated. Additionally, spokes perpendicular to the boundary appear
reproducing features seen in the experiment (compare figure 5.4 a and b).
5.4 Condensation drives pattern formation – Discussion
The aim of this simulation has been to gather an qualitative understanding of the
processes that lead to the formation of aster or ladder-like patterns when passing the
bundling threshold in mechanically undisturbed actin solutions.
In an approach best characterized as (molecular) dynamics on a grid, the actin is
represented on that grid not only on a position but also at different directions. Instead
of calculating interactions pairwise, a force-field is first calculated by convolving force-
field kernels with the mass distribution and then used to determine the shift of all grid
points. The new density on the undisturbed grid is interpolated thereof. The simulation
was tested with basic test scenarios – merging of parallel and crossing “filaments” as
well as straightening of a bent bundle.
For a large range of utilized parameters the simulation reproduces features of the
experiments. Asters are formed from an initially homogeneous distribution. Omitting
interactions in the angular domain also reproduces a central feature of aster patterns
– bundles segregating voids of similar size. This strengthens the notion that lateral
condensation is an essential mechanism in the pattern formation process. Density fluc-
tuations influence the more microscopic shape of asters. At very low fluctuations aster
centers appear rather smooth. High fluctuations lead to aster centers where bundles
sharply cross – this is more reminiscent of bundle transition experiments at very low
actin concentrations. There, the final density of bundles is so low that asters hardly
form at all.
Pre-aligning mass by increasing the fraction belonging to one direction discretization
leads to large, parallel bundles aligned in this direction. Only at early iterations the
similarity to ladder-like structures in the experiments is apparent – ladder spokes are
separated by diffuse bands. Continuing the iterations these bands also condense. This is
most visible in simulations not done with periodic boundary conditions but rather with
confining walls with different shapes. Here, the confinements are reproduced and spokes
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appear perpendicular to the walls.
The model, however, fails to reproduce the detail observed in experiments. In (Huber
et al. 2012) we argue that limited bundle size also plays a critical role for the morphology
of the observed patterns. So far, this has not been implemented in the simulation which
certainly may be promising venture. In this simulation bundles continue to aggregate
until all material is depleted. If it is cut off at a maximum bundle size I expect several
smaller, parallel bundles to form.
In experiments by Deshpande and Pfohl (2012) several confinement geometries were
probed by exploiting bundling agent diffusion in a microfluidic device (cf. figure 5.4 d).
In both circular and quadratic micro chambers many thin bundles align parallelly to the
borders and more diffuse bundles orthogonally. Although the simulation reproduces the
alignment, it fails at emulating the fine detail. Again it supports the notion, that finite
bundle size is central and an implementation worthwhile.
The experiments leading to this simulation were so surprising because, to my knowl-
edge, traditional models have missed to predict such patterns. Stiff particles of long
aspect ratio are expected to align nematically. It is conceivable that steric interactions
or adhesion within aster-centers prevent the system from reaching the nematic phase and
it is thus trapped in a kinetically arrested state. With limited pre-alignment ladder-like
patterns appear. They, too, fail to reach the nematic phase. Ladder spokes, however,
align their center of mass. They are terminated by diffuse bands – possibly filaments
that are hindered to rotate and join the spokes’ alignment. It may be argued that ladder
spokes resemble a smectic layer.
So far, aster patterns had only been observed in filament-motor or filament-motor-
crosslinker systems and are now observed by only passing from a non- to a bundling state.
This simulation has provided an important contribution to the qualitative understanding
of the underlying mechanisms – lateral condensation of filaments.
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Figure 5.10: Results of actin pattern simulation. (a,b) “Filament” length spans one tenth
of the simulation area size and their angular distribution is homogeneous
in average with fluctuations of different scale (see also d and e). Aster-like
structures form and do not further evolve in the observed simulation time.
(c) Introducing pre-alignment by augmenting the density in one direction
results in bundles following this orientation. In an intermediate phase dif-
fuse bands (second panel) perpendicular to dominating direction are still
visible – a prominent feature of experimental ladder-like structures. Later
they are masked by the main bundles. The arrow marks a branching point
that propagates during the course of the simulation. (d,e) The results of
the simulation isotropically oriented actin (a and b) are enlarged in order
to show the different morphologies of aster centers. Lower fluctuations of
the initial configuration in e as compared to in d lead softer aster centers,
i.e. voids are rounded whereas in d they are pointed . (f) Lateral move-
ment alone leads to aggregation of bundles delineating voids of similar size
– a characteristic of isotropically oriented actin (cf. a and b) – when the
rotational interaction is disregarded. Here the voids are markedly round.
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Figure 5.11: Bundle networks formed within walls mirror the confining borders. The




Even though, the most basic unit of living organisms – the cell – still is a complex
entity comprising thousands of different proteins only very few are considered to play a
leading part in its mechanical integrity. The biopolymers actin, intermediate filaments
and microtubules constitute the so-called cytoskeleton – a highly dynamic scaffolding
endowing the cell on one side not only with integrity but also with motility on the other.
Of these three, actin has been regarded to be the protagonist and tremendous efforts
have been made to understand actin networks using concepts from polymer rheology
and statistical mechanics. In bottom-up approaches isotropic, homogeneous actin-gels
are well-characterized, yet they fail to reproduce glass-like, scale-free behavior often
observed in cells. From a theoretical perspective, the glassy worm-like chain model
reconciles bottom-up with global top-down observations at the cost of introducing a
phenomenological parameter. Cells, however, are not isotropic networks of actin fila-
ments. They rather comprise also actin that is organized into heterogeneous and highly
anisotropic structures like bundles.
Heterogeneous structures, however, have only come into focus recently with theoret-
ical work addressing bundle networks and, in the case of the worm-like bundle theory,
individual bundles. This work aims at characterizing bundles and bundle-crosslinker
systems as well as the bundle network formation.
Already the assembly of the object of interest proves to be challenging. In order to
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produce individual bundles that can be manipulated with optical tweezers, a detour is
taken by pre-bundling filaments with the help of depletion forces prior to the addition
of crosslinking proteins. When the depletion agent is diluted, well-formed bundles are
available for experiments that actively probe their mechanics.
Subjecting bundles to large deformations on short timescales, they show robust elastic
responses regardless of being crosslinked or not. The time course of the relaxation after
bending could be fit to either single- or sometimes double exponential models, where the
latter case was associated to highly heterogeneous bundles or bending trajectories that
include a twist of the attached bead around the bundle. A power-law model, hinting
at scale-free behavior, however, always failed to describe the data especially shortly
after release. Comparing the elastic response of crosslinked to non-crosslinked bundles,
it turns out that relaxation times for the latter are much longer. This indicates the
presence of an internal relaxation mechanism of filaments sliding relative to each other
– a mechanism that is interrupted by the presence of crosslinking proteins. When both
types of bundles coexist in a cellular organism the possible response spectrum comprises
already two orders of magnitude. It is further broadened when probing the response to
stress sustained for times much longer than the typical crosslinker binding times.
Here, crosslinked bundles constitute a minimal functional module able to differen-
tially respond to stresses on different timescales. While showing an elastic response to
deformations sustain for short times, the relaxation after the release from a bent that
lasts much longer than the typical crosslinker binding times is not complete. Rather,
residual deformation persists that is caused by crosslinkers that have rearranged to more
favorable binding sites leading to a plastic deformation. This experiment encouraged a
refinement of the worm-like bundle theory now accounting for changing crosslinker oc-
cupation, in turn making modified experiments worthwhile to test its predictions. Here
it is of great interest to monitor stress and its relaxation continuously during bending.
A method that probes bundles mechanically on different frequencies was employed to
complement the bending experiments. The wiggling method has been adapted to bun-
dles. Using the optical tweezers they are subjected to oscillatory motion and by moni-
toring its propagation along the bundle contour the bending stiffness can be inferred for
different frequencies. With this approach it has been possible to impose oscillations with
frequencies ranging almost two orders of magnitude. While many bundles exhibit stan-
dard worm-like chain behavior, i.e. their stiffness is constant over the whole frequency
range, others show softening behavior at low frequencies that is reminiscent of a vis-
coelastic material. It appears that bundle cohesiveness is lower in these circumstances
and allows for filament sliding.
Since the determination of bundle thickness remains elusive, I have investigated the
wiggling behavior of bundles that have been thickened by iteratively joining bundles.
Now the comparison of bundles growing in thickness is possible. Interestingly, bun-
dles of bundles have shown a surprising behavior – they appear stiffer at lower driving
frequencies. Driving at lower frequencies on the other hand is equivalent to probing
the bundle at longer lengths and for the shear-dominated regime the worm-like bundle
theory predicts exactly this behavior. In the shear-dominated regime the contributions
from shear in between filaments as well as from filament bending and stretching are com-
100 Dan Strehle
parable. Crosslinked bundles that show plasticity are therefor also a strong candidate
for showing such behavior. During long bending times bending energy is dissipated by
rearrangement of crosslinkers. After release, however, filament bending energy is com-
pensated by shear energy and the residual deformation represents their proportions. In
contrast, thick bundles that are interconnected in large networks show a standard worm-
like chain behavior. The difference might either be traced back to probing a different
deformation mode where now tension that has built in between network nodes becomes
important. On the other hand bundle structure may be markedly different in bundles
formed de novo and bundles formed from bundles. In the latter case, shear resistance
might be just low enough to shift bending from fully coupled to shear dominated be-
havior. For the highly dynamic cell machinery fusing bundles are not an uncommon
observation highlighting the relevance of such a structure.
Bundle bending and wiggling experiments were performed at extremely low actin
concentration in order to facilitate single bundle experiments. However, when inducing
bundling in a homogeneous, isotropic actin filament solution without agitation, there is
a tendency to form patterns with long-range ordering. This can be realized in a micro-
droplet evaporation setup by depositing a small amount of actin solution beneath an
oil layer and letting the actin polymerize. By removing some oil, water is allowed to
evaporate through the remaining oil layer raising the concentration of bundling agents
in the droplet above the concentration needed for bundling to occur.
Considering that such aster-like patterns have previously only been observed in filament-
motor and filament-motor-crosslinker systems, the mechanism of their self-assembly is
rather puzzling. Deliberately aligning filaments by, e.g. by inducing flow, shifts patterns
toward ladder-like structures. Even partial nematic ordering at intermediate concentra-
tions has a similar effect, whereas further raising the actin concentration leads to micro-
phase separation. In order to test the hypothesis that such patterns can be formed by
lateral condensation of homogeneously distributed filaments I conceived of a computer
simulation. However, instead of simulating individual filaments, they are described as a
density on a grid not only representing a position but also a direction. Force-field ker-
nels are convolved with the density distribution generating a force field that is used to
calculated deformations of the grid. The new density is now determined by interpolation
onto the undeformed grid.
With this approach I have been able to reproduce experimental patterns. For an
initially isotropic actin distribution aster-like patterns form over a wide parameter range.
Furthermore, pre-aligning the distribution by increasing the density of one direction leads
to parallel bundles with transverse bands of lower density. Adding confining walls it has
been observed that bundles form first in parallel to the boundaries, a pattern that is
repeated during later evolution. With the simple assumption of lateral condensation,
the model is able to reproduce key features of the experiments, substantiating the notion
that it is the central mechanism driving the self-assembly of aster-like and ladder-like
structures.
Although, homogeneous and isotropic filament networks – be they entangled or cross-
linked – already show intricate behavior, they do not live up to the complexity of a living
organism that despite its complexity often exhibits a rather glass-like, scale-free behavior.
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In consequence, such networks cannot be considered to dominate cell mechanics by
themselves. The response of individual bundles alone is amply complex in terms of time
and space. Together with their tendency to form heterogeneous and quasi-isotropic as
well as anisotropic superstructures, just a few may be enough to critically broaden the
response spectrum, thus liberating composite structures from scale and closing the gap
towards the scale-free behavior observed in living cells.
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A Calculations







Figure A.1: The geometry for the calculation of the bending arc and the radius of cur-
vature R with respect to the bending angle θ. The factor x decreases the
distance attachment point to bead with increasing bending angle θ.
Initially the bundle has been bent along an circular arc. To abide by the conservation
of bundle length the radius of this arc is reduced as a function of bending angle θ by the
factor of 1θ sin(θ) from version 1.14 on. In the following R denotes the radius of curvature
and α the opening angle of the circular segment the bundle contour is simplified to look
like (see figure A.1).
The opening angle of the bundle arc α is related to the bending angle θ via the inner
sum of an isosceles triangle
180◦ = (α+ 2(90◦ − θ)). (A.1)
Looking for the hypotenuse x · L of the triangle with the legs a and b
b = R−R cosα = R(1− cos 2θ) (A.2)
a = R sinα = R sin 2θ (A.3)
(A.4)
we find












The radius of curvature can be calculated from the opening angle α
α = 2θ (A.9)
L = R cosα (A.10)
R = L2 cosα (A.11)
or R = L2θ . (A.12)
A.2 Correction factor for relaxations times of bundles with
bead
The relaxation times τn of the bending mode qn of a worm-like chain clamped at one





with qn = (n− 1/2)π. (A.14)
ζ · L the friction of the bundle can be estimated via (Cox 1970)1
ζ = 4π ηln(L/d) + 2 ln(2)− 1/2 . (A.15)
At a bundle length of 10 µm and an estimated diameter of 200 nm in a medium of
η = 2mPas the friction attains a value of ∼ 5mPa sm. Due to the logarithm of the
aspect ration it only changes very slowly with the diameter. The friction coefficient of a
bead, γ, of radius r is given by
γ = 6π η r. (A.16)
For 2 µm-beads this amounts to ∼ 38mPa sm. As this value is substantial with respect
to the friction coefficient of the bundle it needs to be taken into consideration for the
comparison of different bundles. This is done by adding the friction of the bead into





Now a correction factor can be calculated that accounts for the substantial bead drag
fcorr =
ζL4
(ζL+ γ)L3 . (A.18)
1This is the original source which is hidden behind a paywall. It is widely cited e.g.in (Taute et al.
2008; Wiggins et al. 1998; Gittes et al. 1993)
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B.1 G-actin from rabbit skeletal muscle




Rabbit muscle typically ~ 300-500 g (using more than 500 g will cause 
problems with adding 150 mL of H2O into centrifuge 
tubes in step 5)
KCl 74 g
K2HPO4  (Anhydrous) 34.8 g
Na2CO3 1 M Solution
Acetone 8 L
H2O (Millipore) 10 L
PBS 1 L
EDTA 0.02 M pH 7.0 100 mL
Centrifuge Tubes (250 mL) 6




 2 L Solution A: 74 g      KCl (0.5 M)
    34.8 g   K2HPO4 (0.1 M) 
H2O to 2 L
o Solution A is an F-buffer due to its high potassium concentration.
o Phosphate does something severe to actin (in in vitro experiments phosphate is 
usually avoided)
 Stock Solution:     1 M Na2CO3
 Chill 5 L H2O (4ºC)
 Chill 1 L PBS (4°C)
 Chill 8 L Acetone (-20ºC)
Procedure:
1. Dissect leg and back muscle from rabbit. Store in chilled PBS. Cut off fat and fur 
using scalpels. Clean with chilled PBS. Rinse meat grinder with a solution of 0.02 M 
EDTA (pH 7.0) immediately prior to use. Grind muscle 3 times (1x coarse blade, 2x 
fine blade) in meat grinder.
2. Stir slowly for 10 min. with 900 mL Solution A at 4ºC.




3. Spin at 4000 x g for 10 min. at 4 ºC in six 250 mL centrifuge tubes.  Pour off 
supernatant.
4. Repeat steps 2 & 3 once.
o Note: If you started from the “Myosin II Prep” protocol, you have applied a buffer 
similar to Solution A already once, thus stir for only 5 min. in this repeat.
Record weight of all tubes (with pellets).
5. In centrifuge tubes (250 mL each):
a. Add 150 mL chilled H2O to each tube. Resuspend pellet (e.g with ceramic spoon).
o Assumption: 150 mL is just a rough number. If pellet is too big to allow an 
additional 150 mL of water in centrifuge tube, simply fill centrifuge tube up with 
water completely. 
b. pH each tube to 8.2 - 8.5 (use pH meter) with 1 M Na2CO3.
c. Put tubes in ice bucket for 10 min. – shake occasionally.
d. Spin at 4000 x g for 10 min. at  4ºC.
e. Pour off supernatant and record weight of all tubes (with pellets).  
Repeat step 5 several times (you may only have to pH twice; initial pH is approx. 7.5).  
Each time, compare the total weight (w/o supernatant) to the previous measurement.  It 
decreases on subsequent repetitions.  At a certain point it will begin to increase (usually 
by roughly 10%).  Stop at this point.
6. Pool the pellets in a 5 L glass beaker and add 4 L acetone (-20ºC).  Stir for 20 – 
30 min. in fridge using the magnetic stirrer.
7. Filter through gauze or cheesecloth (4 layers).  Squeeze out liquid firmly but not too 
hard.
8. Repeat steps 6 & 7.
9. Dry acetone powder on paper towels overnight in hood.  Place into 50 mL tubes, 
weigh, and label. Store in -80.
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B.1.2 Actin prep
Actin Prep (Carlier Lab)
Last modification: 11-10-24   JS
Chemicals Checklist: Check a week before to ensure that reorders will reach in time
One protocol for each prep belongs in the actin prep folder in lab 310!
Buffers
Buffer X (mix at day 0)
Final concentration for 500 ml from stock
2 mM Tris-HCl (pH 7.8) 2 ml 0.5 M 
0.5 mM ATP 1.25 ml 0.2 M (pH 7.8)
0.1 mM CaCl2 0.25 ml 0.2 M
0.01 % NaN3 0.5 ml 10 %
1 mM DTT 2.5 ml
or 0.5 ml 
0.2 M (check amount
1 M      with respect to
o day 1-3   buffer 1.9
o pH to 7.8
Buffer 1.9 (mix at day 0)
Final concentration for your calculation for 4 l from stock
2 mM Tris-HCl (pH 7.8) 16 ml 0.5 M 
1 mM MgCl2 4 ml 1 M
1 mM DTT Mix from powder 4 ml 1 M
o day 1 
o pH to 7.8
G-Buffer (mix at day 2)
o day 3: 500ml  and day 4: 1l, column flush: 2l
o see buffers and actin related solutions
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Overview
Start on Monday, mix buffers to have them ready at 4°C when needed.   
Day 1 should be a Tuesday to start long dialysis over the weekend (Day 4)!!
Materiallist:
- Chemicals (Tris-HCl, CaCl2, NaN3, KCl, MgCl2) from stock solutions can be found in 
the fridge (310) right side
- DTT in solution  -18°C bonglab, powder  fridge 310 right side
- ATP in solution & powder  -18°C bonglab
- Actin acetone powder  -80°C, 310, lower compartment, “Actin Group” box
- Beaker  compartment: beakers
- Centrifuge tubes  compartment: mixed stuff
- Column, collector etc  fridge 310
- Dialysis bag  chemical shelf, right side
- Funnel  compartment: beakers (take middle-sized glass funnel)
- Glass wool  compartment: mixed stuff
- Graduated cylinders  compartment: beakers and chemical shelf
- Homogenizer  drawer: Active polymer networks
- Magnetic stirrers  drawer: Scalpels, tweezers, spatulas, mag. Stirres
- Spatulas, spittles  drawer: Scalpels, tweezers, spatulas, mag. stirres
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Date:
Preparators:
Day 1, ~5 hours  (Day 1-4: extract actin from acetone powder, 5-8: remove α-actinin)
1. Extract ~7 g (4.5 - 9 g) acetone powder with 135 ml cold buffer X on ice (in large 
centrifuge tube).
m =          
o Add buffer slowly while gently stirring with glass rod to thoroughly wet powder
(viscous like wallpaper paste).
o Actin leaves acetone powder. Brute stirring will result in also dissolving other 
proteins.
2. Incubate on ice for 30 min. Stir gently every 10 min. (cover beaker with foil)
3. Spin at 25,000g for 45min at 4°C. Keep supernatant. (take 2 centrifuge tubes for big 
rotor (rotor in fridge R. 310 ))
4. Filter supernatant through glass wool into calibrated/graduated cylinder (on ice) and 
record volume.
V =           
o Use small clew of wool in glass-funnel (if wool is to dense, flow rate is 
annoyingly low; do not take the smallest and largest funnel).
o Check concentration against Buffer X (program 2).
A =  c ≈
5. Transfer to beaker. Add solid KCl to 3.3 M while stirring.
o KCl adds about 10% volume. (This is 28g for about 110 ml) 
o Add KCl all at once. Solution becomes opaque/cloudy
o This step is to dissociate α-actinin.
6. Stir at room temperature until solution reaches 15°C. Afterwards, incubate solution on 
ice (w/o stirring) until temperature returns to 5°C.
o Temperature step is crucial for α-actinin dissociation.
o Takes about 20-40 min to increase temperature and 20 to decrease.
7. Spin at 25,000g for 30 min at 4°C (big rotor)
o Tight white pellets (if occurring) are α-actinin.
8. Filter again as in step 4 into calibrated/graduated cylinder.
o While solution is filtered put dialysis bag in water (175ml/ft) (take two bags, 
one might be too big for the beaker)
Vsolution = A =  c ≈
Vbuffer =
9. Dialyze supernatant against 32 times its volume of buffer 1.9 overnight (in fridge).
o Volume (3-4 l) needs to be precise to obtain final KCl concentration of 0.1M 
which is F-Buffer conditions. 
o Keep in mind that volume in dialysis bag will increase due to osmotic pressure 
during the dialysis
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Day 2, ~6 hours remove tropomyosin
o Check volume in a graduated cylinder and concentration against dialysis buffer 
(program 2). Buffer 1.9 can be thrown away afterwards
V = A =  c ≈
1. Add to dialysis bag content 0.22 times its volume of 4M KCl and stir for 1.5 h at 4°C. 
(E.g. 100ml +22ml 4M KCl) 
o This gives a final KCl concentration of 0.8 M and is intended to solubilize 
tropomyosin.
2. Spin at 100,000g for 3.5 h at 4°C (small rotor in fridge 310). Try to portion solution 
equally into centrifuge tubes. Discard supernatant
o Pellets are thin and barely visible
In the meantime mix 3.5l of G-Buffer and store it in fridge to have it ready at 4°C
when needed!
3. homogenize pellets with buffer X in homogenizer (max. 12.5ml (in drawer of APN 
group in 310)).
o Start with 1ml for each pellet and try to detach pellet by pipetting (spittle might 
be used), collect pellets in buffer in homogenizer
o Be sure to homogenize thoroughly.
o Transfer to graduated cylinder for next step.
o Check concentration against Buffer X (program 2).
A =  c ≈
4. Add 37.5µl MgCl2 (1M) and 187.5µl KCl (4M) and adjust volume with buffer X to 
19.3 ml and leave at 4°C overnight without stirring.
Day 3, ~6 hours remove polymerization-incompetent actin
1. Add 4.5 ml KCl (4M) and 1.185 ml buffer X and stir for 1.5 h at 4°C.
2. Spin at 100,000g for 3.5 h at 4°C (small rotor) and discard supernatant.
 Prepare dialysis bag before you do the next steps (60ml/ft).
3. Wash pellets in tubes with buffer X (max 4-6ml), take them up with buffer X, and 
homogenize (like on day 2).
o Pellet should be denser and thicker than day before.
o Homogenize in as little buffer X as possible, check apparent concentration 
against buffer X  (program 2)
A =  c ≈
(should be > 3.5 mg/ml; reason: after column run at day 5/6, apparent 
concentration will have dropped ~1.5 fold; final concentration of ~2 mg/ml is 
desired).
4. Dialyze overnight against 0.5 l of G-buffer (in fridge).
Day 4 break up clusters of actin
1. Sonicate briefly.
o Sonicate dialysis bag for 10 sec three times in sonicator bath filled with G-
buffer e.g. in a beaker (note: dH2O might work as well). Too long might destroy 
proteins.
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2. dialyze against 1 l G-buffer for the next 45 to 70 hours (typically during the weekend).
3. Wash the tubes of the collector for the column run (fridge 310, bottom, right side) to 
have them clean and try when needed.
Day 5/6   if time is pressing stop dialysis otherwise let continue until Monday.
1. Continue dialysis.
o Buffer change is not necessary. One day is enough if time is pressing.
2. Prepare the column for the next day.
Can also be done in the morning before the column run e.g. when solution is 
centrifuged (Day6/7 step 2).
Day 6/7, ~9 hours remove actin oligomers and unspecific proteins
1. Check concentration against dialysis buffer (G-Buffer).
A =  c ≈
o Keep dialysis buffer for later concentration determination (step 3).
2. Clarify actin by spinning at 100,000g for 3.5 hours at 4°C (small rotor) and save 
supernatant.
3. Check concentration against dialysis buffer.
A =  c ≈
Note: The following steps can optionally be done the next day. In this case, incubate 
supernatant on ice overnight.
4. Run column (takes ~5 hours). See separated protocol! 
5. Check concentration against G-buffer. (Prog. 2 @ 290nm absorbance)
- test concerning tubes before mixing them 
- just take actin tubes with absorbance above 0.6 and be careful with tubes from the 
left side of the peak since oligomers (unwanted) appear as a pre-peak 
- absorbance values of UV-spectrometer should be in its linear regime  values 
higher than 1.5-2.0 typically underestimate the actin concentration
Picture of absorption peak:
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B.1.3 Actin gel-filtration
Actin Gel Filtration (Column)
Käslab, Uni-Leipzig
(Last modified 12.01.2010 FH)
(9.9.2010 DS (Cleaninging after use))
Always use regular G Buffer with ATP in column.
(Tris HCl 5 mM , CaCl2 0.1 mM ,ATP 0.2 mM , DTT 1 mM, NaN3 0.01%, pH to 7.8)
Filter G-Buffer, e.g. with ~0.22 µm filter to avoid column contamination.
1.  Flush the column with 1 – 2 column volumes (330 – 760 mL) of G Buffer if it has 
been standing for longer than 1 month since the last prep.  For the first 1-2 hours run 
buffer through the column without the wavelength detector so that higher flow rate can
be used. After this, connect the variable wavelength detector to flush the chamber for 
an hour or so. While flushing the wavelength detector monitor the absorbance and 
check if baseline is constant (e.g. with HPLC program).
In both cases, do not allow the pump pressure before the column (as indicated by the 
digital readout on the pump) to exceed 0.2 MPa.  This sets the upper limit for the 
column without the detector at around 3 – 3.5 ml/min.
2. Check for column contamination: Use the Beckman spectrophotometer
to measure the absorbance of solution coming out of the column against G-Buffer. 
Absorbance should be < 0.010, otherwise continue to flush the column or consider 
regular column cleaning.
3.  Reconnect the variable wavelength detector.  Flow rate for G Actin should be 0.7 -0.8 
ml/min.  Check to see if the actual flow rate matches that on the indicator by flowing 
buffer into a 50 ml graduated cylinder and running for 10 – 15 min.  Turn pump off 
and place inlet tube into actin solution.  Turn pump back on and run until all actin is in
tubing.  Be very careful not to allow air into the tube as this will clog the column.  
Place inlet tube back into G Buffer.
4.  Connect a computer with the HPLC program and appropriate drivers to the HPLC 
controller connected to the variable wavelength detector (settings: λ=280nm, 
range=0.64, “Abs”).  Make sure the system is working and name the new file (if not 
possible in the program frontend, directly write file name name.dat into the file 
HPLC.ini and create the file name.dat by hand at the respective location).  
5.  Determine fraction size to be collected in tubes from the flow rate (i.e., a flow for 2 
min. at 0.8 mL/min. yields 1.6 ml/tube).  ~ 1.5 – 2  mL/tube is normal.
6.  Start the fraction collector by clicking the “Start” button in the software frontend 
(never press anything on the HPLC controller) after actin is added to column.  Run a 
total of ~150-180 tubes.  Progam FC as follows:  
112 Dan Strehle
B.1 G-actin from rabbit skeletal muscle
1)  Rack Type – 2 + Enter
2)  Collection Mode – Time + Enter
3)  Fraction Size – Enter (Chooses min./sec. mode by default)
4)  Fraction Size – Typically 2 min./tube but depending on flow rate.
                              (2+3+0 means 2 min. 30 sec.) + Enter
5)  Fraction Number – 1 + 5 + 0 + Enter means 150 tubes
6)  Run
7.  Monitor the variable wavelength detector output on the HPLC program for the 
absorbance peaks. Given a flow rate of ~ 0.8 ml/min. and the size or molecular weight 
of actin, it will exit the column around tube 100.  There will be a small initial peak 
followed by a much larger one.  The small one indicates actin dimers and possibly 
other molecules bound to actin (heavier molecules come out first) and so will be 
discarded.  
8.  From the large absorbance peak calculate the approximate tube number where the actin
exits the column.  Test these tubes in the Beckman spectrophotometer.  Save all tubes 
> 1.0 absorbance if the Superdex 75 column is used (> 0.9 for Superdex 200).  Pool 
these and retest concentration.  This is the final, purified actin.  It can be diluted 2 – 4 
times its original volume and may be 30-60% (Superdex 75) or 25-33% (Superdex 
200) the original concentration.
9.  If reconcentration is not needed, aliquot and freeze actin with liquid nitrogen.  Aliquot 
some in 1.5 ml cryotubes forlater use in G – Actin – Rhodamine preps.
Some amount of “fresh” g-actin can also be stored on ice (up to 4 weeks?).
9. Regular column cleaning: Flush column with ~150ml of 0.5M NaOH at ~2.2ml/min 
to remove nonspecifically adsorbed proteins.
10.  Flush column with ~ 1L G-Buffer and check column contamination (step 2.) and 
finally disconnect system.
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B.2 Buffers
Actin & Actin – Related Solutions 
(Originally from Stéphane Romero)
(Last Updated :  23.05.07 – BS
minor correction : 03.01.08 – DS
added 10xFBH: 120828 -   DS)
Stock Solutions
ATP 0.2 M pH 7.8 Stored @ -20 in 15 µL, 100 µL & 1 mL aliquots
CaCl2 0.2 M
Dabco 0.22M & 2.2mM
DTT 0.2 M Stored @ -20 in 20 µL & 500 µL aliquots
DTT 1 M Stored @ -20 in 1.1 mL
EGTA 0.25 M pH 7.8 Unless Otherwise Noted, All 
Recipes 
Hepes 0.5 M   pH 7.8 Using Liquids Are From The Listed 
KCl 3 M Stock Solutions
KH2PO4 1 M      pH 6.5 see below*
MgCl2 1 M
NaN3 10% (100 mg/ml)
Pipes 1 M      pH 6.9
Tris 0.5 M pH 7.8
* Mix 500mL of monobasic (KH2PO4) and dibasic (K2HPO4) potassium phosphate. Decrease 
pH to 6.5 by adding KH2PO4. Approximate result: 620mL KH2PO4, 500mL K2HPO4
Buffers
10xFBH (w/o Ca2+) for 10ml
HEPES 0.25M pH 7.5 Buffering agent 5ml 0.5M
KCl 1M induces polymerization 3.333ml 3M
MgCl2 10mM Mg-Actin polymerizes better 100µl 1M
ATP 2mM treadmilling consumes ATP 100µl 0.2M
DTT 10mM inhibits disulfid-bonds (eg between 
cysteins)
500µl 0.2M
NaN3 0.01% bacteriostatic (antimicrobial) agent 10µl 10%
pH entire solution to 7.8
GB For 100 ml: For 1 L: For 1.1L   : 
Tris HCl 5 mM pH 7.8 1 ml 10 ml 
CaCl2 0.1 mM 50 µl 500 µl
ATP 0.2 mM   pH 7.8 100 µl 1 ml
DTT 1 mM  0.5 ml 154 mg            1.1mL (1 M)
NaN3 0.01% 100 µl 1 ml 
pH Entire Solution to 7.8
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FB Buffer G + 0.1 M KCl + 1 mM MgCl2
pH Entire Solution to 7.8
FBT FB but with Tris 25 mM 
pH Entire Solution to 7.8
FBE Buffer G + 5% (by vol.) KME
pH Entire Solution to 7.8
For 50 ml
FBH HEPES 0.05 M pH 7.5 5 ml (0.5 M SS)
KCl 0.1 M 1.667 ml
MgCl2 1 mM 50 µl
CaCl2 0.1 mM 25 µl
ATP 0.2 mM 50 µl
pH Entire Solution to 7.8
KME For 50 ml:
KCl (2 M) 7.45 g
MgCl2 (20 mM) 1 ml
EGTA (4 mM) 0.76 g
Mg-ATP
For 100 µl   (from stock solutions):  
Tris 5 mM pH 8.5 79 µl
ATP 30 mM 15 µl 
MgCl2 60 mM 6 µl
MIX For 100 µl:
ATP 12 mM, MgCl2 24 mM 40 µl Mg-ATP
DABCO 0.88 mM 40 µl DABCO (2.2 mM)
DTT  40 mM 20µl
10x F-buffer
For 10ml
KCl 1M 3.333ml 3M
10mM MgCl2 100µl
Tris HCl 50 mM pH 7.8 1 ml  
CaCl2 1 mM 50 µl
ATP 2 mM   pH 7.8 100 µl
DTT 10 mM  0.5 ml
NaN3 0.01% 100 µl only if stored above -80°C





NEM (100 mM)  
5 ml H2O
0.0625g NEM
HiS 500 mM KCl
4 mM MgCl2




[Veigel, et al begin with 1.25 mg myosin (25 mg/ml)]
1.  Precipitate myosin from stock solution (stored in glycerol) with 10x H2O:
- use 1.5 ml myosin & dilute with 15 ml H2O
- let settle overnight at 4 °C; solution should become cloudy at bottom
(Jörg sagt, dass Matthias sagt, das wäre damit sich das Myosin vom Glycerol 
trennt)
- centrifuge for 30 min. @ 20,600 rpm (small rotor JA30.50, 51000g) @ 4°C 
(advantage – can use 1 - 50 ml centrifuge tube instead of 2 small ones)
2.  Remove supernatant; resuspend pellet in HiS: 
-  add 3 ml HiS
3.  Add NEM to 4 mM: 
- add 120 µl (100mM)
4.  Incubate for 30 min. @ RT
5.  Stop reaction with 10 mM DTT; use this step to precipitate myosin by dilution:
(adding 5x amount of initial myosin volume will reduce KCl concentration [500 mM to ~ 80
mM] by 1/6, thus precipitating protein)
- add 150 µl DTT (0.2 M); mix by pipetting
- add 14.85 ml H2O
- let settle for up to 3 hours (can stop when solution is cloudy)
- centrifuge for 30 min. @ 20,600 rpm @ 4°C
6.  Resuspend pellet in HiS to give a final myosin concentration of 80 µg/ml (0.16 µM):
-  first resuspend with approximately 10 ml and then determine the concentration
(Absortion in 10mm quartz-cuvette at 280nm, devide it by 0.53ml/mg)
- perform a second dilution to the desired final concentration
6.25 ml 12.5 ml KCl : 4M
0.2 ml 0.4 ml MgCl2 : 1M
0.5 ml 1.0 ml K-Phosphate : 2M
0.2 ml 0.4 ml EGTA : 250 mM
for 50.0 ml 100.0 ml Total Volume
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B.3.2 NEM-myosin coated beads
2µm Bead Prep
1.  Mix the following:
80 µl HiS
 10 µl  2.00 µm calibration fluorescent beads
10 µl NEM-myosin (0.08 mg/ml)
2.  Incubate overnight @ 4°C
3.  Wash beads 2x & resuspend in 100 µl HiS
- spin only for ~6 sec.
- sonicate 1-2 sec. each time
- avoid vortexing to prevent beads sticking to the tube's walls
- resuspend in smaller volumes if necessary
6µm Bead Prep
1.  Centrifuge 50µl unwashed beads ( 6.0µm) for 2.5 minutes at 13,000 rpm.
2.  Resuspend in the following:
45 µl HiS
5 µl NEM-myosin (0.08 mg/ml)
3.  Incubate overnight @ 4°C
4.  Wash beads 2x & resuspend in 50 µl HiS
- spin only for ~6 sec.
- sonicate 1-2 sec. each time
- avoid vortexing to prevent beads sticking to the tube's walls
- resuspend in smaller volumes if necessary
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B.4 Bundle preps
B.4.1 Depletion force induced and α-actinin crosslinked bundles
Bundle torture actin bundle prep 
(last changed 090121, DS) 
 
F-RhPh-actin 78.3 H2O 
Polymerize at 10.0 10x F-buffer 
5µM 10.7 G-actin at 1.96mg/ml 
 1.0 RhPh 
 100.0  
 
F-RhPh-actin 40 FBH 
Dilute to 1µM 10 F-RhPh-act: 5µM 
◄ stir gently with pipette tip
 50  
 
For DFIs 45 AB or FBH 
Dilute to 0.1µM 5 F-RhPh-act: 1µM 
◄ stir gently with pipette tip
 50  
 
Sample DFI 5.6 AB 
Final [actin]: 20nM (9.6) MC 2% 
◄mix well
MC: 0.8 % 2.0 Ø6 
 2.0 Ø2 
◄(sonicate ~1s)
 4.8 F-RhPh-act: 0.1µM 
 24.0  
 Let sit for 30 min in the dark at RT 
 
For α-A bundles 30.0 AB or FBH 
Final [act]: 0.1µM (15.0) MC: 2% 
◄mix well
MC: 0.8% 
γ = 1  
5.0 FRhPh: 1µM 
◄ stir gently with pipette tip
 50.0  
 Let sit for 30 min in the dark at RT then add 
0.5µl of α-A:10µM 
Let sit for another 30 min. 
 
α-A Sample 29.0 AB 
Final [act]: 30nM 3.0 Ø6 
γ = 1.7 3.0 Ø2 
 0.1 α-A: 10µM 
◄mix well
 15.0 Bundles: 0.1µM 
◄ stir gently with pipette tip




B.4.2 Depletion force induced bundles for wiggling experiments
DFI-Bundles with biotin-actin + streptavidin beads (December 2012) 
(no real change) 
   
80µl MC 1% 400 or 4000 cP 
9µl 10xFBH  
5.5µl AB 20µl 10x FBH,  
180µl H2O,  
Glucose, 
Glucose oxidase 
5.5µl BTA 4µl streptavidin beads,  
2µl 10x FBH,  
16µl RhPh-Biotin-actin 
(half percent more FBH than needed) 
 
RhPh-F-actin 5µM 
   
74µl H2O  
10µl FBH  
1µl TRITC-Phalloidin 0.1mg auf 153µl DMSO  0.5mM (RhPh:Actin 1:1) 
15µl G-actin 33µM  
RhPh-Biotin-actin 
   
50µl 5µM Rh-Ph-F-actin  
3µl 5µM biotin-actin Bis Mitte Dez 5µl x 3µM 
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